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ABSTRACT 
Applications of surface plasmon polaritons in terahertz spectral regime 
by 
Hui Zhan 
This thesis presents the experimental work on the applications of surface plasmon 
polariton (SPP) in terahertz (THz) spectral range. 
Apertureless near-field optical microscopy (ANSOM) has been widely used to 
study the localized SPP on various material surfaces. THz ANSOM technique was 
recently developed to combine the THz time-domain spectroscopy and the ANSOM 
technique to provide a near-field detection on the localized THz surface waves with im-
proved spatial resolution and signal-noise ratio. We have studied the metal-insulator 
transition in vanadium dioxide (VO2) thin film using THz ANSOM. We observe a 
variation of the terahertz amplitude due to the phase transition induced by an ap-
plied voltage across the sample. The change of the terahertz signal is related to the 
abrupt change of the conductivity of the VO2 film at the metal-insulator transition. 
The subwavelength spatial resolution of this near-field microscopy makes it possible 
to detect signatures of metallic domains, which exist in the VO2 thin films in the 
vicinity of the phase transition. 
We experimentally investigate the propagation of guided waves in finite-width 
parallel-plate waveguides (PPWGs) in the terahertz spectral range. We observe the 
propagation of SPPs in this guiding structure, instead of the fundamental trans-
verse electromagnetic (TEM) mode. We find that the two-dimensional (2-D) energy 
confinement within the finite-width PPWG increases exponentially as the plate sep-
aration is reduced. We speculate that edge plasmons play an important role in the 
energy confinement in this open-structure waveguide. For comparison, the infinite-
width PPWGs, the plates of which are much wider than the THz beam size, are also 
studied with several plate separations. The free-space beam diffraction produces a 
Gaussian profile along the unconfmed direction. The unusual electric field profiles 
along the vertical direction, perpendicular to the plate are observed. The field en-
hancement near the metal surfaces are also explained by the SPPs coupled to the 
metal surfaces. 
Based on the 2-D energy confinement in the finite-width PPWGs, we design the 
tapered slot waveguide by slowly tapering the plate width and slot gap. We first study 
the transverse component of the THz electric field, where a subwavelength 2-D energy 
confinement is observed. The output spot size strongly depends on the output facet 
size, where the slot gap and the tip width are in the same scale range. Subwavelength 
confinement is obtained, corresponding to A/4. Further confinement is limited by the 
spatial resolution of the detecting technique. To overcome this problem, we adapt the 
THz ANSOM setup to scattering-probe imaging technique, which has been proven to 
obtain deep subwavelength spatial resolution and great signal-noise ratio. Scattering-
probe imaging setup measures the longitudinal component of the electric field of SPPs 
in the tapered slot waveguides. By slowly tapering the tip width and the slot gap, we 
squeeze a single-cycle THz pulse down to a size of 10 fim (A/260) by 18 lira (A/145), 
a mode area of only 2.6 x 10~5A2. We also observe a polarity reversal for the electric 
field between the guiding region near the upper and lower plates of the waveguide. 
This polarity flip is similar to that associated with the symmetric plasmon mode of 
slot waveguides. 
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Chapter 1 
Introduction 
1.1 Terahertz spectral regime 
Scientists have been studying the electromagnetic (EM) waves for more than a hun-
dred years. Numbers of applications which benefit human's lives can be found from 
DC to radio waves and microwaves in the low frequency part, called the electronics 
region, as well as from infrared, visible to ultraviolet, x-rays and gamma rays in the 
high frequency part, called the photonics region, as shown in the figure 1.1. Lying 
between the electronics region and the photonics region is the terahertz (THz) fre-
quency region, extending from ~ 0.1 THz to a few tens of THz. As defined, 1 THz 
= 1012 Hz = 0.3 mm in wavelength = 4 meV in energy. Only several decades ago, 
this frequency region was called "the gap in the spectrum", because THz range are 
generally too high for the conventional electronics to reach, and too low for the stan-
dard optical techniques. Therefore, the studies of THz radiation were left far behind 
the development of the electronics and photonics regions. This "THz gap" splits the 
EM spectrum into two separated parts sharing few techniques. 
Such situation has been largely improved thanks to the great advances of the 
THz techniques in the past 30 years. Various optoelectronic techniques have been 
developed to generate and detect THz radiation, including photoconductive antennas 
[1,2], optical rectification [3], electro-optic sampling [4], and very recently quantum 
cascade laser [5]. Also thanks to the development of the femtosecond laser in 1990s [6], 
Electronics 
radio waves microwaves IR visibie x-rsy Y~r*y 
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Figure 1.1 : The electromagnetic spectrum. THz frequency range fills in the gap 
between the electronics regime and the photonics regime. 
the generation and detection of THz radiation have been enhanced in the radiation 
intensity, detection sensitivity, pulse duration and bandwidth. Therefore, after the 
instruments for accessing THz spectral regime have been improved in the size, cost 
and usability, more attentions have been given to the applications of THz radiation [7]. 
THz radiation is non-ionizing electromagnetic radiation and share with microwaves 
the capability to penetrate a wide variety of non-conducting materials. One of the 
earliest and most popular techniques is THz time-domain spectroscopy (THz-TDS). 
The general idea of THz-TDS is to measure the electric field of the broadband THz 
radiation as a function of time. Due to the coherent detection, both the spectral am-
plitude and the spectral phase of the THz radiation can be obtained simultaneously 
through the Fourier analysis. Given this advantage, THz-TDS has been employed in 
many applications and many other spectroscopy techniques have also been adapted 
from THz-TDS technique [7,8]. 
On the other hand, since THz radiation is short enough in wavelength to be used 
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with optical components to form an image, imaging techniques have also been estab-
lished based on the frame of THz-TDS [9,10]. As with the spectroscopy techniques, 
THz images benefit from the coherent detection methods and contain more informa-
tion than the conventional optical images. Because THz radiation can pass through 
clothing, paper, cardboard, wood, masonry, plastic and ceramics, except for metal 
and water, THz imaging has been used in medical imaging, security screening, man-
ufacturing, quality control, and process monitoring. Many studies on THz imaging 
techniques are still working on improving the penetration depth, spatial resolution 
and dynamic range (for an overview see Ref. [11]). What's more, other new technolo-
gies such as near-field microscopy [12] are also under active development. 
While these free-space techniques have been studied comprehensively, the tech-
niques for guiding THz radiation in different structures and materials have also raised 
many interests, because many real-world situations require the access of the sample 
or region beyond the free-space limitation. In the past decade, various guiding struc-
tures have been demonstrated with quasi-optical coupling, such as metal tubes [13], 
plastic ribbons [14], dielectric fibers [15], parallel metal plates [16], photonic crystal 
fiber [17], and metal wires [18], each of which carries its own advantages, as well as 
shortcomings. Developing an optimal waveguide in THz region with low loss, low 
dispersion and high energy confinement is still a challenge. 
1.2 Surface plasmon polariton 
Surface plasmon polariton (SPP), also known as surface wave, is now recognized as 
the collective charge oscillations at an interface formed by a dielectric medium and 
a conductive medium. Although the so called "surface wave" has been predicted 
and described in different ways by the pioneer scientists like Zenneck [19] on flat 
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interface, and Sommerfeld [20] on cylindrical wires, the first theoretical treatment of 
SPP was done by Ritchie in 1957 [21], showing that SPP arises as a formal solution 
of Maxwell's equations under specific conditions on metallic thin films. Since then, 
the studies of SPP have been through a significant advance in both the theoretical 
and experimental researches. 
As schematically shown in figure 1.2, SPPs are electromagnetic excitations bound 
to a semi-infinite interface between the dielectric (medium 1) and the conductor 
(medium 2). The electromagnetic waves propagating along the interface induce the 
polarizations of the free carriers in the conductor, while the polarizations result in the 
coupling of the electromagnetic waves at the interface. It has a plasma-like character 
inside the conductor with free electron gas, and resembles a free electromagnetic wave 
inside the dielectric. Therefore, a combined excitation consisting of a surface plasmon 
and a photon is called a surface plasmon polariton. Usually, the medium 2 where the 
polarization happens is called the active medium. 
SPP is a nonradiative evanescent wave with the electric field decaying into both 
media while propagating along the interface. The high field concentration makes SPP 
firstly attractive in the field of condensed matter and surface physics. It has been 
proven that SPP is a reliable technique for the detection and investigation of various 
fundamental properties of solids, especially the thin films [22]. SPP is also attractive 
for chemists for the nonlinear processes in the surface-enhanced Raman spectroscopy, 
due to the strong localized field on the surface [23]. 
Recently, SPP has attracted more interests in the nanostructured materials, due to 
the advances in nanotechnology, including the nano-fabrication and nano-characterization 
techniques. The trend to create nano-scale "fast" optical devices, instead of the "slow" 
electronic devices, requires the localization and manipulation of optical light in deep 
yy-sn&i&rq * 
Conductor^ 
Figure 1.2 : The schematic of the SPPs at an interface formed by medium 1 (dielectric) 
and medium 2 (conductor), propagating along the z direction. 
subwavelength-scaled structures. SPP can propagate for distances exceeding many 
wavelengths, on structures including flat metal surfaces [21], metal wires [20], metal 
gratings [24], and chains of metal nanoparticles [25]. For this reason, the studies of 
SPP in the subwavelength structures have been through lots of investigations, espe-
cially in the optical regime. 
1.3 Scope of this thesis 
THz frequency regime is a recently developed research field. Many research areas are 
waiting for further exploration, such as SPP with THz radiation, the combination of 
which are expected to bring up new sparks. Therefore, the interest of this thesis is 
on the applications involving SPP in the THz spectral regime. Several THz experi-
mental setups are constructed for the investigations of various materials in different 
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structures. The objects include vanadium dioxide (VO2) thin films on flat platform, 
parallel plate waveguides and tapered slot waveguides made by polished aluminum 
plates. 
Chapter 2 presents a background review of SPP and THz techniques, related in 
this thesis. In order to understand the properties of SPP, a classical theoretical de-
scription is introduced at first. Following that, we include some discussions about 
Zenneck (surface) wave and SPP, because the confused terminology referring the sur-
face wave could be very misleading for understanding our experimental observations. 
Zenneck wave and SPP are both surface waves bound to an interface, as a solution 
of Maxwell equations, however with slightly difference in the permittivities of the 
active medium forming the interface. Distinguishing the difference would clarify the 
understanding that the surface waves that we are observed in our experiments is SPP. 
After that, we present a brief review of the experimental setup of our measurement 
system, including the THz emitter and receiver, as well as the THz-TDS system. 
Chapter 3 reports our investigations on the VO2 thin films by THz apertureless 
near-field scanning optical microscopy (ANSOM). An introduction of THz ANSOM 
is given at first, where the advantages and the limitations of the THz ANSOM are 
discussed. Then it is followed by a description of the VO2 thin films. Given the great 
sensitivity and the high spatial resolution of the THz ANSOM technique, we study 
the electronic-induced metal-insulator (MI) transition of the VO2 thin films. We 
observe the THz signal responses to the MI transition of the samples. The responses 
are sensitive to both the sample temperature and the micro-structure. Our study 
shows a promising method for the further study of the mechanism underline the MI 
transition of the VO2 thin films. 
Chapter 4 describes our studies on the finite-width parallel-plate waveguides (PP-
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WGs). A THz time-domain spectroscopy setup is built to generate and detect the 
broadband THz signal with polarization perpendicular to the guiding surfaces of the 
parallel plates, which excites the TEM mode in the waveguides. The transverse com-
ponent of the THz electric field is directly detected by the THz receiver. We study 
the lateral confinement from the finite-width PPWGs, in addition to the vertical con-
finement by the metal surfaces. We observe the electric field enhancements near the 
metal corners, while the lateral confinement is related to edge plasmons. The lateral 
confinement is studied as a function of the plate separation, showing that smaller 
separation provides stronger lateral confinement. For comparison, the propagation 
modes are also studied in the infinite-width PPWGs, the plates of which are much 
wider than the THz beam size. The transition of near-perfect TEM mode to the SPP 
mode are observed and explained. 
Chapter 5 describes our studies on the subwavelength confinement of the THz 
radiation by the tapered slot waveguide. Firstly, the studies are carried out using the 
same experiment setup in Chapter 4 to study the transverse component of the THz 
electric field. We study the two-dimensional (2D) confinements on various tapered 
slot waveguides as functions of the taper length, the taper angle, the plate separation 
and the tip size. We observe that a subwavelength confinement can be achieved with 
long taper length, subwavelength plate separation length and subwavelength tip size. 
In order to overcome the poor spatial resolution in the direct detection method, we 
also introduce a scattering-probe image setup based on the THz ANSOM technique, 
where the spatial resolution is greatly improved. In the second part of Chapter 5, we 
investigate the longitudinal component of the THz electric field using the scattering-
probe image technique. We are able to achieve extreme subwavelength confinement 
of the THz field. We also observe the antisymmetric field distribution, corresponding 
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to the long range mode of the SPP. By comparing the spectral from the tapered and 
untapered waveguide, we observe the broadband guiding character of the tapered slot 
waveguide with no cutoff frequency. 
Finally, chapter 6 summarizes the work that has been done in this thesis and 
discusses the directions of the future researches. 
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Chapter 2 
Background Review 
2.1 Theoretical descriptions of SPP 
As introduced in section 1.2, SPPs are electromagnetic excitations bound to a semi-
infinite interface formed by a conductor and a dielectric. In order to induce the 
polarizations of free charges in the conductor, SPP has a transverse component per-
pendicular to the interface to result in a surface charge accumulation. Since the 
charge carriers are in fact trapped inside the solid, they cannot escape and conse-
quently the electron plasma oscillation build up. Therefore, SPP is a p-polarized 
(TM) wave with the magnetic field vector parallel to the interface and the electric 
field within the plane of incidence. In following of the thesis, we are only interested 
in SPP propagating on planar single/multiple interfaces . 
In classical field theory, a theoretical description of SPP ( see figure 2.1)can be 
directly derived from the Maxwell equations, by giving the proper boundary condi-
tions, shown as 
for y > 0 
E(y, z, t)lv = - ^ i ^ e ^ - - y f e l " % , (2.1) 
E(y,z,t)lz = Aihvjkiz-iutjkw^ 
o;e0£i 
/ / 
Figure 2.1 : The schematic of the SPPs at an interface formed by medium 1 (dielectric) 
and medium 2 (conductor), propagating along the z direction. The electric field 
vectors in both media are also shown. 
for y < 0 
ikzz—icjt„—ik2y H(y,z,t)2 = A2el— ~"e ™"»'ex, 
E{y,z,t)2y = -^t^e^-^te-ik,yy 
C0£Q€2 
(2.2) 
ue0e2 
where u is the angular frequency, £Q is the dielectric constant of vacuum, and e,- is 
the relative permittivity of dielectric (j — 1 for y > 0) or conductor (j = 2 for y < 0). 
We assume \i = 1 for both media. The wavevector k is 
kjy + kz — fcj — £j ( ^ ) , 
c' 
(2.3) 
for both media j — 1 (dielectric) and j — 2 (conductor) and c is the vacuum speed of 
light. kz is the z component wavevector in the propagation direction, and the decay 
length along the propagation direction is given by Lz — 1/Im(kz). The sign of kjy 
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should be chosen to make sure the field is decaying away from the surface, instead 
of growing. The decay length Ljy in the y direction for both media, is denned as 
Ljy = 1/Im(kjy). 
Taking into account the continuous boundary conditions n(Hi — H2) = n x (E\ — 
E2), we get A\ = A2 and 
(2.4) " ' l j / ™2 y 
£i £2 
This boundary condition requires £162 < 0, i.e. one of the media must have negative 
dielectric constant, so that the electromagnetical waves can not propagate inside this 
medium, but are bound to the interface instead. It turns out that this boundary 
requirement can be fulfilled when the two media defining the interface are a dielectric 
and a conductor at certain frequency range. 
For a normal lossless dielectric medium (such as air for our interest), we can safely 
assume that E\ > 0 and Im(e\) = 0. A normal metal can be simply described by the 
classical Drude model, where 
e{u>) = er(u) + i£i(u) = 1 + ^ - 1 - - ^ - . (2.5) 
u
2
T{l + U2/LOI) LOLJT(1 + u2/ul) 
where LUP is the bulk plasma frequency and LUT is the electron collision rate. Therefore 
in the frequency range u <C UJT <C up, er(u) <C 0 and |£v(w)| -^ \ei(u)\. Usually the 
bulk plasma frequency for most metals lies in the ultraviolet frequency range, so SPP 
can be observed at optical frequency and below. 
By inserting the equation 2.3 into the equation 2.4, we can find the dependence of 
wavenumber kz on the permittivities, which is the dispersion relation of SPP, written 
as 
C V £ i + £ 2 
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and 
k
- - "m (2-8) 
Because the permittivity e2 is a complex value, kz = A;2r + ikzi, where the imagi-
nary part kzi characterizes the damping loss along the propagation direction and the 
real part kzr is the phase constant of the propagating waves, which further requires 
Re(e\) + Re(e2) < 0 for a forward-moving wave. Following this, we obtain the phase 
velocity of SPP 
Up/c = ife( /Il±££) < i, (2.9) 
V £ 1 £ 2 
therefore, SPP is a slow wave. 
From equation 2.6 to 2.8, the propagating wavevector kz and the perpendicular 
wavevector ky can be exclusively determined by the permittivities of both media 
forming the interface. In other words, the SPP electromagnetic field is explicitly 
defined at an interface with known permittivities. Usually the decay length Liy is 
possible to be measured in the dielectric medium, but the measurement of decay 
length L2y into the metallic medium is not easy. In the case 1 <C |e2r(w)| <C |e2«(w)|, 
we can write 
k2y - - £\ « -Vi^l = - (1 + i)V^/2, (2.10) 
so 
2e0c2 L2y = 1/Im(k2y) = - v W ^ = Y " ^ - . (2"n) 
which is actually the skin depth formula for an electric field on a metallic surface 
derived from the Drude model. 
y Dielectric el 
Conductor r, 
Figure 2.2 : The schematic of SPP electromagnetic field decaying exponentially alonj 
the y direction into both media. 
In this thesis, we are interested in the electric field of SPP, which are described as 
E2y 
E 
E2z 
E-iy 
£2 
. y >o, 
y<0. 
(2.12) 
Usually, the permittivity of conductor |e2| are much bigger than that of dielectric 
|£i|, so the transverse component Ey and the longitudinal component Ez can be 
different by several orders of magnitude, as well as the decay constants in the y 
direction. Ey is the only discontinuous field component at the interface, while all 
other non-vanishing field components are continuous. The electric field reaches the 
maximum at the interface and decays exponentially into both media in the y direction, 
shown in figure 2.2. Besides, the electric field propagates in the z direction with a 
decay length Lz, which corresponds to the Ohmic losses inside the conductor. 
A typical dispersion curve of SPP is shown in figure 2.3. At very low frequencies, 
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Figure 2.3 : A typical dispersion curve of SPP. At low frequencies, the SPP dispersion 
curve converts to the light line OJ — ck/y/ii. For large wavevector, it approaches to 
the frequency limit at the surface plasma frequency usp = up/y/l + ex. 
the SPP dispersion curve has almost the same slope as the free electromagnetic wave 
dispersion line u = ck/y/ei in dielectric. For high frequencies, it approaches towards 
the surface plasma frequency cosp = LUP/ \Jl + ei, comparing with the bulk plasma 
frequency uip. It turns out that the dispersion relations of free-space wave and SPP 
do not intersect at any frequency. This momentum mismatch indicates that a free-
space wave can not directly transform to SPP and vice versa, SPP propagating along 
a smooth homogeneous interface can not couple into free-space waves by radiation. 
This is the reason that SPP is non-radiative wave. Therefore, additional coupling 
between the free-space propagating waves and the surface evanescent waves is required 
to overcome the momentum mismatch. Several techniques have been introduced for 
coupling free electromagnetic radiation with surface evanescent wave or vice versa, 
(c) 
DDDIT 
n (a) \,®,.,. (b) 
(d) 
& & - ^ 
'Z3. 
Figure 2.4 : Four different setups for coupling free electromagnetic waves to SPPs are 
shown as the prism coupling (a), the aperture coupling (b), the grating coupling (c) 
and diffraction coupling (d), cited from Ref. [26]. 
shown in figure 2.4, including the prism coupling (a), the aperture coupling (b), the 
grating coupling (c) and diffraction coupling (d) [26]. These techniques work by either 
shifting or rotating the dispersion line of the free propagating wave to induce extra 
momentum for the compensation. 
Because metal exhibits a strong plasmonic response in the optical and near infrared 
frequency range, the studies of SPP have been mainly focused on that region. In terms 
of the THz frequency regime, even though it lies far below the region of resonant 
plasmonic response, they nevertheless are described by the same plasmon dispersion 
relation k(u>), which is continuous from the optical regime all the way down to DC 
[27-30]. Therefore, since the difficulty for accessing the THz spectral was removed, 
the applications of SPP with THz radiation have attracted growing interests. 
Some studies have been carried out to characterize of the propagation of THz SPP 
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on planar metal surfaces [31,32]. These studies confirm the decaying and propagating 
properties of THz SPP, however, they have also showed a relatively big difference of 
the experimental results from the theoretical expectations, such as that a reported de-
cay length on aluminum sheet is 28 times smaller than the theoretic calculations [32]. 
These results indicate that the bound of THz SPP on the metal surface is much 
stronger than the theoretic expectation, which makes THz SPP still useful in thin 
film spectroscopy with high energy concentration at the interface. Another popu-
lar topic is the extraordinary transmission of THz radiation through subwavelength 
apertures, due to the excitation of SPP. It has stimulated extensive interests for the 
potential applications in photonics, nanofabrications and biochemical sensing [33-35]. 
In addition, research on THz waveguides has also involved the studying of SPP for 
understanding the waveguide properties. Wang has successfully applied the Sommer-
feld cylindrical SPP to explain the field confinement and propagation losses of the 
metal wire waveguide [36]. 
One last thing that is worth mention is the terminology of SPP. Mills [37] gave 
a good example about the terminology that were used by the authors from different 
areas of condensed matter physics in 1980s. Commonly, surface polariton refers to the 
coupled excitation of the induced polarization at an interface by the electromagnetic 
waves and the modified propagating electromagnetic waves. There are many different 
forms of surface polariton. As defined by section 1.2, the surface plasmon polariton is 
named after the electron plasma in the conductive medium. If the polarizable carriers 
in the active medium are phonons, then the surface polariton is called a surface 
phonon polariton. Similar, surface exciton polariton and surface magnetic polariton 
are also defined for the exciton system and the magnetic system, respectively. 
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2.2 Zenneck wave and SPP 
In 1907, A German physicist and electrical engineer J. Zenneck reported his studies 
on the electromagnetic waves propagating along the surface of earth, as a solution to 
the Maxwell's equations [19]. Later, A. Sommerfeld [38] did some numerical analysis 
based on Zenneck's work [39]. Since then, this kind of Zenneck surface wave has arisen 
lots of interesting, due to the unique field profile from other bulk waves. However, in 
the meantime, the debate of the existence of Zenneck wave has never stopped, because 
the power source for the plane electro-magnetic waves should be infinitely away and 
infinitely big, such as a infinitely high dipole antenna as proposed [40]. Although 
there are some reports about the experimental demonstration of the observation of 
Zenneck wave from time to time [41], we can still find some latest discussions about 
this topic [42]. 
In this section, a few theoretic description of Zenneck wave are given out based on 
the references [43-47], and compared with SPP. As state previously, Zenneck wave is 
also a surface wave solution of Maxwell's equations at a planar interface between a 
dielectric medium and an active medium (which is the conductive medium for SPP). 
However, the major difference is that the permittivity of the active medium carrying 
Zenneck surface wave has a positive real part and a nonzero imaginary part, while the 
real part is negative for the conductive medium carrying SPP. This positive real part 
of the permittivity results in a phase velocity larger than the speed of light. Except 
for this, the field profiles of Zenneck wave are very similar with that of SPP, with 
the electric field decaying exponentially away from the interface into both media, and 
the magnetic field has only the transverse component, defining a TM waves. Then 
how does it happen? It seems that we have made some implicit assumptions in the 
theoretical description of SPP, therefore we do not get the solution of Zenneck wave. 
While the negative real part of the permittivity is required for SPP satisfying the 
continuous boundary condition, what would result in Zenneck surface wave with the 
boundary condition at an interface with both positive real parts in the permittivities? 
By defining A = E0^eo(ei + e2), we can rewrite equation 2.2 and 2.3 as 
for y > 0, 
H(y, z,t)1 = E0U^e^z+lk^'wtex, 
E(y, z, t)ly = -E0^eik^+lk^-^ey, (2.13) 
Kly 
E(y,z,t)lz = E0^eik"+ikl»v-i**ez, 
K\y 
for y < 0 
H(y,z,t)2 = -E0^^eik^-^y-^ex, 
K2y 
E(y, z, t)2y = E0^eik"-ik»>v-iutey, (2.14) 
K2y 
E(y,z,t)2z = E0p-eik"-ik>y*-iute>z, 
K2y 
where the electric field vectors in the media 1 and 2 is shown in the figure 2.5(a). 
They are similar as the reflected light and the transmitted light, while the incident 
light is missing because there is no direct transform from free-space wave into SPP. 
This picture is true when we understand SPP from the Fresnel's equation about the 
reflection coefficient: 
Er = £ik2y - £?k\y , 2 . 
E% £\k2y + £2kly 
where kjy is the wavevector in y direction in the two media 1 and 2. SPP satisfies 
this equation by having 
£ik2y = —£2&iy, and Et = 0. (2-16) 
(a) 
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Figure 2.5 : The schematics show the wave component for (a) SPP and (b) Zenneck 
surface wave, based on the reflection configuration at the interface. In the case of (a) 
SPP, the incident wave Et does not exist. In the case of (b) Zenneck surface wave, 
the reflected wave Er does not exist. 
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i.e. only the reflection and transmission light exist. The fact that each medium could 
only have one field is required for a surface wave solution of Maxwell's equations [43]. 
In addition, another solution for Fresnel's equation is that 
£ik2y = £2kiy, and Er = 0. (2-17) 
This situation is shown in figure 2.5(b), where only the incident light and the trans-
mitted light exist. By insert this condition into our previous theoretical descriptions 
of SPP, we can get the complete field profiles of Zenneck wave, by noticing that the 
incident wave in the dielectric has an opposite y component of the wavevector from 
the reflected wave in the dielectric, shown as: 
for y > 0, 
Kly 
E{y, z, t)ly = S o ^ e ^ - ^ e - ^ % , (2.18) 
Kly 
for y < 0 
E(y,z,t)lz = E0eik^-^e-ik^ez, 
H(y,z,t)2 = -Eo^^e^-^y-^e,, 
K2y 
E(y, z, t)2y = E0^e^z-^yy-^%, (2.19) 
K2y 
E(y,z,t)2z = E0^eik"-ih*»y-i»tez, 
K2y 
with 
k, = - J - ^ - , (2-20) 
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In order for the field to decay exponentially with the distance to the interface, we 
should have Im(kiy) < 0, and Im(k2y) > 0. For a weakly lossy active medium, we 
may write £2 — £2r{^ + "") with \r\ <C 1 and £2r > 0. So we can get the first-order 
approximation for ky: 
U £l
 n .T £2r 
C sj£\ + £2r 2 £x + £2r * I , = T - ? ^ = ( i - ^ r ^ r ^ ) . (
2
-
23) 
fca
"
=c^rT^(1+l2irT^r)- (2-24) 
Therefore, a nonzero imaginary part of the permittivity of the active medium is 
required for the Zenneck wave. The phase velocity is 
v-*<fra^>>'. (2-25> 
i.e. Zenneck wave is a fast wave. 
Zenneck surface wave exists at a planar interface with the permittivity of the active 
medium having a positive real part and nonzero imaginary part. The nonzero imag-
inary part of permittivity corresponds to the losses. If we assume a zero imaginary 
part, this situation simplifies to the classical Brewster case, where there is no reflec-
tion for the p-polarized waves. A typical dispersion curve of the classical Brewster 
incidence is shown in figure 2.6, and compared with the dispersion curve of SPP [45]. 
Direct coupling to the Brewster mode is achieved by changing the angle of incidence, 
where the surface wavevector of the incident light can always be made large enough 
to match the Brewster condition [45]. Therefore, Zenneck wave is excited by an p-
polarized plane wave incident on a flat surface at a complex Brewster angle without 
reflection. Such analysis comparing the Brewster case and the Zenneck surface wave 
can be found in the references [44-47]. When reading these references [44,46], one 
thing has to be kept in mind that the authors are using elU)t as the time fact, while 
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Figure 2.6 : The dispersion curves of Brewster incidence and SPP are compared, 
modified from Ref. [45]. 
for most articles in physics, we use e~l0Jt, which results in the famous sign conven-
tion. It means the sign of all the imaginary parts are reversed between the electrical 
engineer's work using elujt and physicist's work using e~lut. 
In the configuration that we are going to cover in the later chapters of this the-
sis, we are studying SPP propagating on an interface between air and aluminum. 
Aluminum is a simple metal which can be described by the classical Drude model, 
with the surface plasma frequency at ~ 2 x 1015 Hz. So SPP may propagate at all 
frequencies from the microwave through the visible and well into the ultraviolet on 
aluminum surface. 
This is still a one-side story, because some other references could be found, which 
refer to Zenneck surface wave as the opposite case to the Brewster case [48,49]. 
However, we should at least know at this point, that there are two kinds of surface 
waves existing at an planar interface, where the differences are originated from the 
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permittivity of the active medium. The confusion about Zenneck surface wave and 
SPP might be partially from the definition, especially when the original article by 
Zenneck is wrote in German, using the time factor elwt which could make the confusion 
even worse. Therefore, the discussion here will end by giving the definition of SPP 
and Zenneck surface wave used in the following thesis: 
• SPP is p-polarized "slow" interface wave existing in the surface of an active 
medium with a negative permittivity; 
• Zenneck surface wave is p-polarized "fast" interface wave existing in the surface 
of an active medium with permittivity in a positive real part and a nonzero 
imaginary part. 
2.3 THz generation and detection 
The techniques for generating and detecting THz radiation have been greatly im-
proved in the past two decades, especially some commercial THz systems have been 
available. Therefore, we are focusing our efforts on the applications of THz radiation 
in the this thesis. In this section, we will give some basic concepts about the THz 
generation and detection techniques, as well as THz-TDS system, which are used for 
the experimental works in this thesis. 
Among all the techniques mentioned in section 1.1, the photoconductive antenna 
is one of the most popular devices both for THz generation and detection, considering 
the cost, the ease to use, the radiation bandwidth and the emission power. It is used 
exclusively for the experiments described in this thesis. Figure 2.7 (a) and (b) show 
a typical structure of a photoconductive antenna for THz generation and detection, 
respectively. A pair of gold transmission lines are deposited on a semiconductor 
Current detector 
Figure 2.7 : The schematics show the configurations of THz emitter and THz receiver. 
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substrate by optical lithography for electrodes. A beam of ultrafast laser pulses is 
focused between the electrode gap to excite photocarriers, by matching the wavelength 
of the laser pulses to the bandgap of the semiconductor. For THz emitter, a DC bias is 
applied on the electrodes, therefore the photon-excited carriers are driven by the DC 
bias to form a transient current, corresponding to the laser pulses duration and the 
carrier lifetime. According to the Maxwell's equations, a transient current radiates 
electromagnetic waves, which is the THz radiation in this case, given by 
ETHz oc ^ | p . (2.26) 
For the case of THz receiver, a sensitive current detector is attached to the electrodes, 
instead of the DC bias. The photon-excited carriers are driven by the electric field 
of the THz radiation which is focused onto the electrode gap arriving at the same 
time as the laser pulse. The detected current is proportional to the convolution of 
the THz field and the semiconductor response. Therefore, the pulse duration, i.e. 
the spectrum bandwidth of THz radiation, is limited by the carrier lifetime of the 
semiconductor. GaAs, especially low-temperature-grown GaAs, are good candidates 
for the antenna substrate, with short carrier lifetime, matched bandgap, and low 
absorption. Usually, a hemispherical lens is attached on the backside of the substrate 
to increase the coupling of THz radiation into the free space for THz emitter, and to 
focus THz electric field onto the electrode gap for THz receiver. 
For a typical THz-TDS setup, shown in figure 2.8, a beam of ultrafast laser pulses 
(~ 800 nm wavelength and ~ 100 fs pulse duration) is split into a pump beam for THz 
generation and a probe beam for THz detection, therefore the laser pulse and the THz 
radiation are synchronized at the receiver antenna. A linear scanning stage is used to 
change the travel time of the probe laser pulse relative to the THz radiation, so the 
time-domain waveform of THz radiation is sampled by measuring the current response 
3 
THz emitter THz receiver 
Figure 2.8 : The schematic shows a typical experimental setup of THz-TDS system. 
The optical fibers are used to connect THz emitter and THz receiver with the free-
space pump beam and probe beam, respectively. 
at different relative time. Two commercial THz-TDS systems from Picometrix, Inc 
have been used in our experiments. Although these two systems have different setups 
for ultrafast laser and delay line, labeled as a dashed box in figure 2.8, both of 
them use fiber-coupled photoconductive antennas for THz generation and detection. 
The fiber-coupled antennas have greatly enhanced the flexibility of our experimental 
setups. 
A typical time domain THz waveform is shown in figure 2.9(a), collected from one 
of our THz-TDS systems. A single cycle electromagnetic pulse is detected, with a 
pulse duration of several picoseconds. The corresponding spectrums in figure 2.9(b) 
show a broad bandwidth extending to 1 THz, and a linear phase within the bandwidth. 
The ability of coherently detecting the electric field of the THz radiation is the most 
important feature of the THz-TDS system. 
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Figure 2.9 : A typical (a) time-domain and (b) frequency domain THz radiation 
obtained from one of our THz-TDS systems. 
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Chapter 3 
Terahertz apertureless near-field microscopy of 
vanadium dioxide 
Some of the results reported in this chapter have been previously published in refer-
ence [50]. 
3.1 Terahertz apertureless near-field microscopy 
Historically, while normal detection methods were limited by the low spatial resolution 
and sensitivity to characterize the localized field of SPP, near-field technique has been 
successfully developed to closely "look" at SPP waves. Near-field technique detects 
the far-field scattered light due to the near-field SPP interaction with the probing tip. 
Therefore, the localization, propagation, scattering of SPP could be directly studied 
on the sample surface, which has greatly improved the progress in this field of research. 
Even though it has been realized later that such detected signal is a convolution of 
SPP field with the probing tip effect, this technique nevertheless provides a good 
approximation on the near-field information of SPP [51]. The probing tip effect is a 
complex perturbation including multiple factors such as the local field enhancement, 
the sharp edge enhancement, the antenna effect and the propagation effects. 
Recently, near-field techniques have been found in many applications with THz 
radiation. Since the diffraction limit of THz radiation is in mm scale, the improve-
ment of the spatial resolution for THz imaging and THz sensing has been a hot topic. 
Several THz near-field techniques have been reported to achieve significant enhance-
Vibrating tip 
To lock-in 
amplifier 
Sample 
Figure 3.1 : The schematic of a typical THz ANSOM setup. THz radiation is gen-
erated by a fiber-coupled transmitter and focused on the gap between the vibrating 
probe tip and the sample surface. The scattered THz radiation is detected by the 
fiber-coupled receiver in the far field. 
ments in the resolution beyond the diffraction limit. While the aperture near-field 
technique is suffering from the signal losses due to the aperture size, THz apertureless 
near-field scanning optical microscopy (ANSOM) has been shown to provide the abil-
ity of broadband THz measurements with deep subwavelength resolution, and great 
signal-to-noise ratio [52-57]. 
A typical experimental setup for THz ANSOM is shown in figure 3.1. A THz 
time-domain spectroscopy is usually used to generate and detect the broadband THz 
radiation. A metallic probe is held against the sample surface and mounted with 
a vibrator on the 3D moving stage. THz radiation is collimated and focused onto 
the tip of the probe. Then the scattered THz radiation from the tip is detected by 
the receiver in the far field. The metal probe can couple the evanescent field into a 
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propagating wave which can be detected in the far field. By scanning the tip near the 
sample surface, surface features can be obtained by monitoring the scattered signals. 
The resolution is determined by the size of the metal probe and its proximity to the 
surface, instead of the wavelength. 
In our setup, we use fiber-coupled photoconductive antennas based on LT-GaAs 
for the THz transmitter and the receiver. The metal probe is a copper-beryllium 
needle of 1 /xm point radius, coated with a thin layer of tin to prevent oxidation. The 
scattered THz radiation is modulated at 800 Hz by vibrating the tip normal to the 
sample surface with an amplitude of about 750 nm. The THz signal is collected by 
the receiver in the far field with a lock-in amplifier referenced to the tip frequency, to 
ensure the subwavelength resolution in the immediate neighborhood of the tip apex, 
as well as the great signal-noise-ratio by filtering out most of the background signals. 
The high resolution capacity of ANSOM comes from the fact that the scattered 
THz pulses can only be detected at a very small tip-sample distance, because the 
near-field components of the radiation are rapidly attenuated outside a region much 
smaller than the wavelength. To test this, we measure the amplitude of the scat-
tered THz signals as a function of the distance between the probe tip and the sample 
surface, as shown in figure 3.2(a). The sample is prepared with a piece of high resis-
tistivity silicon wafer, half part of which is coated with gold thin films (< 100/im). 
Although both of the approaching curves show similar trends, the scattered THz sig-
nal from gold increases much more rapidly than that from silicon, when the tip is very 
close to the surface. These curves can be understood with a quasi-electrostatic model 
proposed by Knoll [58]. This model relates the scattered signal with the permittivity 
of the sample surface. Because metal has much larger permittivity than dielectric, 
the scattered signal is much stronger, especially at smaller tip-surface distance. The 
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Figure 3.2 : (a) The approaching curves are measured on gold and silicon surfaces. 
THz signal increases at smaller tip-surface separation, (b) The time-domain wave-
forms and the spectra (insert) of THz signals measured from gold and silicon surfaces. 
32 
surface-selective properties is another distinguishing factor of THz ANSOM in appli-
cations of spectroscopy and imaging. Besides the amplitude change, the spectra from 
both gold and silicon shows a similar bandwidth, without frequency selection. We 
also examine the spatial resolution of the system on a gold thin film. The size of the 
gold thin film, as small as 20 fj,m, is clearly observed, seen in figure 3.3. 
Besides the advantage of the subwavelength resolution, the antenna effect of the 
probe can not be ignored. It has been shown that a serious bandwidth reduction of the 
input broadband THz signal is detected after scattering [56]. A dipole antenna model 
has been developed to explain this bandwidth reduction, which demonstrates that 
the scattered signal is approximately proportional to the time-integral of the incident 
signal. Because the detected signal from ANSOM technique is approximately the 
convolution of the probe effect and the input signal. Therefore, the antenna effect 
of the probe applies a low pass filter on the input signal, thus seriously modifies 
the amplitude spectrum from the input. This reduced bandwidth may prevent THz 
ANSOM technique from some practical applications requiring a broadband response. 
Since the frequency response of the probe is also related to the shape of the tip and the 
probe shaft, it suggests very careful handling during the experimental measurements. 
Even though the antenna effect limits the detection bandwidth, the measured THz 
signal in our following experiments nevertheless gives a good approximation of the 
amplitude response on the sample properties, where the time-domain amplitude plays 
a more important role in our discussions, as long as the bandwidth is consistent. 
Last but not least, the propagation effect also need to be considered when the 
phase of the scattered signal is involved for analysis [18]. Because when the metal 
probe is served as a THz waveguide, the propagation of the THz signal along the 
probe would introduce phase distortions and multiple reflections. 
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Figure 3.3 : THz signals are measured when scanning the probe tip along the gold thin 
film in two different configurations, (a) and (b). THz signal shows a high sensitivity 
to the surface properties and a good spatial resolution. 
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Overall, with the advantages of the deep subwavelength spatial resolution, the 
high signal-to-noise ratio and the great surface-feature response. THz ANSOM has 
been widely used to develop THz spectroscopy and imaging. 
3.2 Description of vanadium dioxide 
Vanadium dioxide (VO2) is prototype metal oxide with a complex phase behavior 
dictated by strong electron-lattice correlations . It was first reported by Morin [59] 
that VO2 shows a metal-to-insulator (MI) transition at the temperature 68 °C. As 
shown in figure 3.4, the MI transition was observed as a significant enhancement in 
the conductivity when the temperature goes up. Since then, extensive experimental 
and theoretical investigations have been carried out to explore the MI transition on 
VO2. Nowadays, the MI transition of VO2 is generally considered as a first-order 
structural phase transition, from a low-temperature semiconducting phase with a 
monoclinic structure, to a high-temperature metallic phase with a tetragonal rutile 
structure. The structure phase transition is also associated with significant changes in 
the conductivity and the optical properties [60-62]. Recent work has shown that an 
electric field can also trigger the phase transition, and that the transition temperature 
depends on the external bias [63]. 
In order to describe the infrared properties of VO2 films near the metal-insulator 
transition, Choi et al. introduced a composite-medium model, in which the VO2 
film is described as an inhomogeneous medium composed of metallic and insulating 
domains and the first-order phase transition is treated as a process of domain growth 
and eventual coalescence [64]. Recent experiments suggest that a destabilization of 
the V-V dimer leads to both the structural and the electronic phase transitions and 
that this process can be photoinduced [65]. Other recent work suggests that the 
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Figure 3.4 : The conductivity in VO2 changes due to the temperature change, cited 
from Morin's paper [59]. 
structural and electronic phase transitions are distinct, separated by a monoclinic 
metallic phase. In this picture, the electronic transition is hole-mediated, and is not 
related to domain growth dynamics [62]. These two proposals predict very distinct 
microscopic characteristics in the vicinity of the phase transition. To clarify the 
microscopic characteristics, an imaging with extremely high spatial resolution would 
be necessary. 
Recently, Jepsen et al. reported studies of the MIT of V0 2 thin films by THz 
transmission spectroscopy, showing a large change in the spatially averaged THz 
dielectric response associated with the change in conductivity of the sample [66]. As 
discussed in section 3.1, the optical properties of the insulating and metallic phases are 
significantly different at THz frequencies, so it is very promising to use THz ANSOM 
36 
to study VO2 thin films for characterization of their phase behavior. 
3.3 THz signal responses to MI transition 
To study VO2 thin films with THz ANSOM, we insert the samples under the vibrating 
probe and focus the THz beam on the tip-sample gap, shown in figure 3.5. Our 
cooperator Yong-Sik Lim provides the VO2 samples which were grown on AI2O3 
substrates by laser ablation [63,67]. The thickness of the thin films is about 100 nm. 
We use the electric field to trigger the MI transition. Two-terminal devices were 
fabricated with Au/Cr electrodes for the ohmic contacts. In order to protect the 
thin film, we connect an external resistor in series to limit the sample current. The 
channel lengths of VO2 thin films vary from 100 fim. to 3 /xm. The transition voltage 
depends both on the length and the temperature of the sample. We measure the IV 
curves of the VO2 thin film with a channel length of 50 /xm at different temperatures, 
shown in figure 3.6(a) At room temperature (21 °C), the MI transition occurs at a 
voltage above 210 V, but at higher temperatures the voltage required to induce the 
MI transition decreases [63]. The figure 3.6(b) shows the THz signal responding to 
the VO2 insulating thin film and the Au/Cr electrodes. The detected THz signal has 
a stronger response to the conductive surface. 
Figure 3.7(a) shows the time-domain plots of THz signals measured on the VO2 
thin film at 25 °C, for different values of the applied DC bias. The following measure-
ments are all taking at 25 °C, unless specified. At 75 V and 150 V, the THz signal 
looks the same. At 165 V, we observe a significant enhancement of the measured THz 
amplitude. The signal jump is just coincident with an abrupt jump of the DC current 
flowing through the sample, as shown in figure 3.7(b), which indicates a phase tran-
sition from insulator to metal with the transition voltage of 165 V. In other words, 
controlled base I 
Figure 3.5 : A zoom-in schematic of VO2 thin film with the Au/Cr electrodes on a 
temperature-controllable stage. 
the phase transition of the VO2 thin film results in a change of the scattered THz 
signals. 
When crossing through the MI transition, the THz signal increases by a factor 
of two, while the change of the dc conductivity of the VO2 thin film is more than 
2 orders of magnitude. These results are consistent with the fact that the metallic 
surface produces a stronger interaction with the near-field tip than the semiconducting 
surface, due to the formation of an image dipole [58]. The dipole-image dipole model 
is developed by Knoll et al. to estimate the enhanced signal in the ANSOM system. 
By using this model, illuminated in figure 3.8, we may predict the enhancement of 
the THz ANSOM signal by estimating the change of the dielectric response of the 
VO2 thin film at the MI transition. 
The scattered THz signal is proportional to the scattering cross-sections of the 
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Figure 3.8 : The schematic shows the dipole-image dipole model described by Knoll 
inRef. [58]. 
probe tip, 
where: 
Ei 
D7T 
aeff tt(l + ff) 1 
(3-1) 
(3.2) 
167rr3 
Here (3 = (e — l)/(e + 1) relates the image dipole p' with the dipole moment of the 
probe tip as p' — ftp, e is the complex dielectric constant of the region of the sample 
situated directly beneath the probe, a is the polarizability, and r is the tip-sample 
distance [58]. As in several previous studies [64,66], we can use the Drude model, 
evaluated at the central frequency of our measured pulse, to obtain sm of the metallic 
domains. We further assume, following Jepsen et al. [66], that e* of the insulating 
domains is equal to the high-frequency dielectric constant, e% = e^ = 9. We then 
calculate that 
C"» \rvm.J2 
1.31, (3.3) E; a, 
B. 
THz \"eff\ 
THz \a eff\ 
which is slightly smaller than the measured enhancement of the THz signal. This dis-
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crepancy may result from the aforementioned approximations, or may be the result of 
other effects that could enhance the THz signal. For example, approach curve mea-
surements indicate that the THz signal is very sensitive to the tip-sample separation 
when the VO2 is metallic, but much less so when it is in an insulating state. As a 
result, small changes in this separation, induced for example by changes in the dipolar 
attractive force on the tip, could lead to changes in the scattered THz amplitude. 
The composite medium model mentioned above predicts that small metallic do-
mains begin to grow in the thin film, as the voltage is increased towards the MIT. 
Eventually, these domains coalesce and a continuous conducting pathway is formed, 
as illustrated in figure 3.9(a). This results in an abrupt change in the macroscopic con-
ductivity of the sample at a particular voltage, VMIT, which depends on the sample 
temperature. However, on a microscopic scale, one might expect that the transi-
tion from insulating to metallic behavior could be observed at slightly lower voltages 
V < VMIT- If a microscopic domain happens to be located immediately below the 
position of the ANSOM tip, that region will become metallic at a lower voltage. On 
the other hand, if the region of the sample beneath the tip remains insulating even 
after the coalescence of the metallic domains, then the rise of the THz signal may 
even lag slightly behind the macroscopic transition voltage VMIT- We observe these 
effect in our experiments - multiple measurements on a given location on a partic-
ular sample can give rise to slightly different transition voltages for the THz signal, 
depending on the particular structure of the micro-domains prior to the formation of 
a macroscopic conductivity pathway. A typical result is illustrated in figure 3.9(b) 
and (c). In figure 3.9(b), THz signal rises at a lower voltage than the bulk phase 
transition, indicating a metallic domain existing before the phase transition, which 
is consistent with the composite medium model. On the other hand, figure 3.9(c) 
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Figure 3.9 : (a) A schematic shows the composite medium mode described by Choi 
[64]. (b) and (c) THz signal and sample current responding to the VO2 phase tran-
sition with biased voltage. 
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shows a high rise of THz signal even after the phase transition, indicating a growing 
metallic domain under the probe tip. 
3.4 Temperature effect 
We have also studied the temperature dependence of the scattered THz signal from 
the VO2 thin films. In figure 3.10(a), the THz signals go through a big jump at 
low temperature (25 °C), In instead, the changes of the THz signal amplitude in 
figure 3.10(b) at 40 °C, occur at lower voltages and are smaller and smoother than 
the change at 25 °C. It is consistent with our DC I-V measurement, corresponding to 
smoother and smaller changes of the sample current at higher temperature. According 
to the equation 3.1, these results indicate a smaller conductivity of the metallic phase 
at higher temperature, However the conductivity of the metallic rutile phase should 
not depend strongly on temperature, even in a single micron-sized domain. So this 
result is less easy to reconcile with the composite medium model. 
On the other hand, this fact is consistent with the existence of an intermediate 
monoclinic phase, which has been shown to have a strongly temperature-dependent 
conductivity [62,68]. These articles describe an intermediate monoclinic correlated 
metallic phase between the MI transition and the structural phase transition. The 
conductivity of this phase show roughly linear dependence on temperature until reach-
ing the maximum, which is the conductivity of the tetragonal rutile metal phase. 
Given higher bias, the conductivity at which the transition from insulator to interme-
diate phase occurs is lower at higher temperature. Therefore, we observe that VO2 
thin films reach the intermediate phase at higher temperature with a lower conduc-
tivity, resulting in a lower THz signal. The measurements along even higher voltages 
after the transition could be helpful to further demonstrate the existence of the in-
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termediate phase. However, keeping the sample at high voltage with high current 
would cause damage of the sample. Another factor is the current-induced attraction 
on the tip from the sample surface at higher voltages. It may induce errors in the 
dependence of THz signal on the conductivity. 
3.5 Discussion 
In the previous sections, we present the first observation of a phase transition using 
THz ANSOM on a VO2 thin film. The scattered near-field terahertz signal is studied 
as a function of external voltage, which is applied across the sample to trigger the 
MI transition. We observe a significant enhancement of the amplitude of the THz 
signal around the transition from semiconducting to metallic phase, consistent with 
the dramatic change in the dielectric properties of the sample as it undergoes the 
phase transition. With the micron-scale spatial resolution of THz ANSOM, this 
enhancement can be observed either earlier than or later than the macroscopic MIT, 
depending on the microscopic details of the metallic domain growth. 
Besides our efforts using THz ANSOM techniques, a study of VO2 thin film using 
the mid-infrared ANSOM with nano-scale resolution was published at almost the 
same time [69]. This work shows the existing of the metallic domains at the vicinity 
of the temperature-induced MI transition in VO2 thin film. They observed the growth 
and spread of the metallic clusters over the thin film at the onset of the transition 
and with further increasing temperature. They also noted that the metallic clusters 
show very different electronic properties with the high-temperature rutile metallic 
phase. Their observations actually agrees with our experimental results presented in 
the previous sections. Besides the difference in the frequency range, they controlled 
the sample temperature to trigger the MI transition, which enable them to observe a 
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strongly correlated metal phase in a broad temperature range, while in our studies, we 
use the electric field to induce the transition, where the change of the conductivity is 
more abrupt. It indicates that in our future work on taking two-dimensional imaging 
of VO2 thin film, we should take a much smaller step as increasing the sample voltage 
to zoom into the intermediate metallic phase. It would be interesting to compare the 
electronic properties of the intermediate metallic phase in the THz frequencies with 
the mid-inferred frequencies. 
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Chapter 4 
Energy Confinement in THz Finite-width 
Parallel-Plate Waveguides 
Some of the results reported in this chapter have been previously submitted for pub-
lication in reference [70]. 
4.1 Introduction 
A waveguide is a structure which could guide the propagation of waves, such as 
the EM waves. The desired properties of a good waveguide may include broadband 
spectrum guiding (or single frequency selection), high power, low loss, low dispersion, 
and strong energy confinement. Because the material from which the waveguide is 
made could behave very differently through the different ranges of the EM spectrum, 
a waveguide is usually referred to a specific frequency range. 
For instance, waveguides in optical frequencies are typically made by dielectric 
materials with a refraction index-contrast and the optical waves are guided by total 
internal reflection. The most common optical waveguide is optical fiber, which has 
greatly promoted the telecommunications and enabled the Internet telephone com-
munications. Another example is the transmission line in microwaves, such as the 
coaxial lines with closed structure and the parallel plates with open structure, both 
of which can support the fundamental transverse electric and magnetic mode (TEM). 
The coaxial cables are commonly used for televisions. A good waveguide is a necessary 
component for many applications of the EM waves. 
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Since the door of THz frequencies opened up, developing specific waveguides for 
THz waves has been a hot topic. Because the THz frequency regime lies between 
the microwaves and optics, the efforts could start from taking the waveguides from 
either the optics and microwaves. However, due to the high absorption in the THz 
frequencies of materials from which optical fibers are made, optical fibers are not 
good candidates. Thus, lots of works have been focused on the waveguides with 
conventional structures as those in microwaves. 
Parallel-plate waveguide (PPWG) is a very common guiding structure for mi-
crowaves and may be found in almost every EM dynamics text book. In 2001, Mendis 
et al. [16,71] reported that PPWG exhibits very similar properties in THz as in mi-
crowaves, which supports a TEM mode, with the electric field normal to the metal 
surface. Because the fundamental TEM mode has no low-frequency cutoff, i.e. it is 
dispersionless, it makes PPWG an excellent choice for guiding the broadband THz 
pulses. Besides, the low propagation loss is another outstanding point of PPWG. 
Nowadays, PPWG has been proven to be a powerful platform for THz research, en-
abling low-loss interconnects [16,71], THz generation [72], THz spectroscopy [73-75], 
THz sensing [76], THz imaging [77], and THz signal processing [78], via the excita-
tion of the single TEM mode of the waveguide. However, it is generally considered 
that the one-dimensional (1-D) nature of confinement of the PPWG, where there is 
no physical boundary to confine energy parallel to the plates, can result in energy 
leakage. Therefore, the energy leakage in the direction parallel to the plates causes 
additional losses and was bad for realizing long propagation path lengths [71]. 
Interestingly, in a recent article [79], Wachter and co-workers have shown that by 
using a finite-width PPWG, one can achieve strong two-dimensional (2-D) confine-
ment, so that a finite-width PPWG can still act as an effective waveguide for terahertz 
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pulses even when the transverse width of the plates is quite narrow. In this work, 
the propagation of the guided mode was described, but the output mode was not 
studied. Besides, as aforementioned, it is well known that a TEM wave in a PPWG 
will spread laterally between the two metal plates as it propagates, due to diffraction 
in the unconfined dimension [71,80]. Further, in the terahertz regime there is almost 
no impedance mismatch between free space and the air-filled waveguide. As a result, 
it is not clear why a narrow pair of plates would provide any significant confinement 
of the wave, since there is nothing to prevent energy from leaking out the sides. 
In order to resolve this controversy, we investigate the energy-confinement be-
havior of finite-width PPWGs via the propagation of broadband THz pulses along 
relatively long propagation paths. We also compare the finite-width PPWG with the 
conventional counterpart with much wider width. Our experiments show that the 
THz beam measured at the output face of the narrow PPWG has a narrower beam 
waist than that from the wide PPWG. We explain the lateral confinement by invoking 
the surface plasmons on the inside surfaces of the metal plates, especially the surface 
plasmons near the corner or edge ("edge plasmon"). 
4.2 Experimental studies of energy confinement 
In order to experimentally test and understand the energy-confinement behavior, in 
this work, we study the output mode of a finite-width PPWG (I cm width). For 
comparison, we also study a wider waveguide (10 cm width), wide enough to be 
effectively infinite in width, compared with the input beam size (see figure 4.1). Both 
of them are fabricated of highly polished aluminum and with a propagation length 
of 25 cm. Using a typical terahertz time-domain spectroscopy setup, we generate a 
free-space beam of single-cycle pulses containing spectral components from 0.05-1.0 
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Figure 4.1 : Setup schematic with the THz receiver scanning the output facet of the 
PPWG. The inset shows the input facet for the two different width PPWGs. 
THz. These are focused onto the input facet of the waveguide, symmetrically located 
with respect to both transverse axes, x and y. The spot size of the input beam is 
chosen to have a 1/e diameter of 1 cm, matching the width of the narrow waveguide. 
The polarization is perpendicular to the plate surfaces, to excite the TEM mode of 
the PPWG [16,71]. We measure the spatial distribution and temporal waveforms of 
the radiation emerging from the output facet of the waveguides, using a fiber-coupled 
photo conductive receiver. A 1 mm-diameter aperture held directly in front of the 
receiver improves the spatial resolution. The antenna is oriented so as to be sensitive 
to the vertical (y) component of the field. 
Figure 4.2(a) and (b) show the spatially resolved 2-D profiles of the THz electric 
field (peak-to-peak amplitude) measured in the plane of the output facet of the 1 cm-
wide PPWG with a plate separation b = 10 mm, and b = 5 mm, respectively. These 
two field maps show a high degree of field confinement provided by finite-width PP-
WGs, even along the x axis (the unconfined direction). Moreover, there is evidence 
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of field enhancement at the four sharp corners. This field enhancement is clearer 
in Fig. 4.2(c), which shows the line profiles corresponding to the two vertical black 
dotted lines in Fig. 4.2(a). The field near the corners is 35% larger than near the 
flat plate surfaces at x = Omm, The energy is obviously confined to a region only 
slightly larger than the 1 cm width of the waveguide. 
To experimentally quantify this energy confinement mechanism, we measure the 
THz mode profile as a function of position across the output facet (the x axis). 
These are measured for several different plate separations (b = 10 mm, 5 mm, and 
2 mm), along a line midway between the plates, corresponding to the white dotted 
lines in Fig. 4.2(a). In Fig. 4.3, we show results for both the narrow waveguide (1 cm 
width) and the wide waveguide (10cm width). For the 10cm-wide PPWG, with 
the propagation distance of 25 cm, free-space beam diffraction from the location of 
the input facet produces a Gaussian profile along the unconfined direction (the x 
axis) with a full-width at half-maximum of about 4.5 cm. For the 1 cm-wide PPWG, 
the field profiles depend strongly on the plate separation. The departure from a 
Gaussian profile becomes more pronounced as the plate separation decreases. This is 
in contrast to the case of wide waveguide, where the field profiles are always Gaussian 
and independent of plate separation. We emphasize that the curves in Fig. 4.3 are 
measured at the center of the waveguide gap (i.e., at y = 0), which is as far as possible 
from the sharp metal corners (at y = 6/2). Yet, for values of b less than about 5 mm, 
we observe a field enhancement at the waveguide edges even in the middle of the air 
gap-
To characterize the degree of the energy confinement inside the finite-width PPWG, 
we can define an energy confinement factor as the ratio of the THz energy within the 
waveguide (in the rectangular region between the plates) to the total THz energy 
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reaching the detector plane (i.e. the plane of the waveguide output facet). Figure 4.4 
shows this confinement factor extracted from scans of the narrow waveguide, as a 
function of the plate separation. These data fit well to an exponential dependence, 
converging to unity at zero plate separation. This result supports the extremely 
promising possibility of achieving very high energy confinement in extremely narrow 
slot waveguides, as has been proposed by several groups [81-84]. 
4.3 Comparison with plasmonic slot waveguide 
The enhanced-edge-field profiles that we present in section 4.2, are obviously different 
from the picture of a fundamental TEM mode, although we confirm single-mode 
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propagation by observing that the THz waveforms show no sign of group velocity 
dispersion in the time domain. Thus, we need an extra approach to address this 
corner-field enhancement, besides the fundamental TEM modes. 
Although such corner-enhanced profile has not been reported in the studies of 
PPWG in microwaves and THz regions, we note a similarity with the output mode 
in the plasmonic slot waveguide in the optical regions. Actually, PPWG and plas-
monic slot waveguide share the same metal/dielectric/metal structure. Plasmonic 
slot waveguide is named after the strong plasmonic surface wave excited on the metal 
surfaces, i.e. SPP. More generally, plasmonic waveguides are the structures guiding 
the EM waves based on the localized SPPs on the metallic surfaces. The studies 
of plasmonic waveguides have received considerable attention in recent years, be-
cause plasmonic waveguides show a strong mode confinement owing to the localized 
SPP on the metal surfaces. This is contrast to dielectric waveguides, where light is 
loosely confined due to the index contrast of the core and the cladding. Because the 
surface plasma frequency of metal generally lies in the ultraviolet frequency range, 
metal exhibits a strong plasmonic response in the optical and near infrared frequen-
cies. Therefore the so-called plasmonic waveguides are usually investigated in the 
short wavelength region, while plasmonic slot waveguide is one of the most popular 
structures. 
Many theoretical studies have investigated the propagation modes of the plas-
monic slot waveguide. In 1969, Economou reported the theoretical studies of the 
dispersion relations of SPP for single- and multiple-metal-film systems [30]. For the 
metal/dielectric/metal system that we are interested here, there are three branches of 
dispersion curves proposed in the whole frequency range, shown in figure 4.5. While 
the branch III corresponds to a ultrasmall field solution with no physical significance, 
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branches I and II correspond to the antisymmetric and symmetric solution, respec-
tively. The symmetry is defined by the surface charge distribution. The antisymmetric 
oscillation lies in the frequency below the surface plasma frequency, while the symmet-
ric solution is at a frequency range between the surface plasma frequency and the bulk 
plasma frequency. Later, both theoretical and experimental works have confirmed the 
antisymmetric mode in the long-range plasmonic slot waveguides [81,82,84-87] and 
the end-fire excitation of SPPs in the waveguides [88,89]. More importantly, the for-
mation of plasmons at the edges of these metallic structures and their role in mode 
confinement have been reported by both the theoretical and experimental works in 
the plasmonic slot waveguides with finite width [86, 90-93]. The unusual edge field 
enhancement is called the "edge plasmon". Calculations have indicated that, when 
two edges are in close proximity, these modes can couple to each other resulting in 
higher energy confinement within the waveguide. [82,86] 
The studies of plasmonic slot waveguide listed above show that the plasmonic 
modes supported in plasmonic slot waveguides are very different from the waveguide 
modes of PPWGs, i.e. the counterparts in microwave frequencies [86]. This difference 
is explained by the strong plasmonic response of metal in the optical region and a 
perfect electric conductor behavior in the microwave region. Actually we can un-
derstand these different behaviors on the metal/dielectric/metal structure based on 
the dispersion curves shown in figure 4.5. At microwaves, the dispersion curve is very 
close to the free-space light line, so the guided mode is a fundamental TEM mode. At 
optical frequencies, the guide mode is closer to the SPP mode. Since THz frequencies 
lies between these two regimes, we would expect the PPWG in THz region share the 
properties with both PPWG in microwave and plasmonic slot waveguide in optical 
region. In other words, the propagation mode of PPWG in the THz frequency range 
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Figure 4.5 : A schematic shows the dispersion relations in semi-infinite parallel metal 
surfaces, cited from Economou's paper [30]. 
is a hybrid mode with the properties from both the TEM mode and the plasmonic 
mode , which is called the quasi-TEM mode [85,86]. This is the reason that the 
previous experiments in THz PPWGs observe the fundamental TEM mode, by col-
lecting the guided waves in the far field, while we obtain the plasmonic mode profile 
by studying them in the near-field. Since the THz receiver is placed at 2 mm away 
from the output facet of the waveguide, and the experimental decay length of THz 
SPP on aluminum sheet is 6.7 mm [32], we can reasonably say that our detection is 
in the near-field. Actually, the theoretical value of the decay length of THz SPP on a 
smooth aluminum surface is about 28 times bigger than the experimental results. We 
would expect a guiding mode much more similar to the TEM mode in the theoretical 
case, because the surface wave is so weakly bound to the interface and decay so slowly 
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that it would be treated as a plane wave. Therefore the experimentally underesti-
mated decay length, which might be due to the imperfect metal surface, indicates a 
stronger surface bound, i.e. a stronger plasmonic mode, so that we should be able to 
observe this quasi-TEM behavior. 
Therefore, to understand our experimental observations, we speculate that surface-
plasmon excitation plays a significant role in the strengthening of the THz electric 
fields, and their mutual coupling across the air gap between the two metal surfaces 
results in the observed confinement of the finite-width PPWGs. 
Firstly, it is possible to excite SPPs on the two flat metal surfaces in this end-fire 
configuration [88], by edge scattering from the sharp metal edges at the input facet. 
Secondly, the electric field enhancements near all four corners in the finite-width 
PPWGs in figure 4.2, are probably related to "edge plasmons" - coupled electro-
magnetic and electronic excitations that propagate along the metal edge [81,94]. In 
contrast, for the wide waveguide, the field spreads due to the diffraction, but not 
enough to reach the edges of the metal plates. The transverse profile at the output 
facet is Gaussian, with a width determined simply by diffraction in one dimension. 
Thirdly, the profile in the narrow waveguide shows a strong dependence of the 
coupling of surface plasmons on plate separation. With a smaller plate separation, 
the edge plasmons are close enough to overlap with each other (see figure 4.2(b)). 
The fact that the departure from a Gaussian profile becomes more pronounced as the 
plate separation decreases (see figure 4.3), indicates that the mutual coupling of edge 
plasmons becomes stronger. Indeed, for smaller plate separations, we observe field 
enhancements at the waveguide edges, even in the middle of the air gap (at y = 0). 
Fourthly, the mutual coupling of edge plasmons suggests that a smaller plate 
separation should lead to stronger coupling across the air space between the plates, 
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and therefore improved mode confinement, which is consistent with our measurements 
in figure 4.4. 
To further clarify the excitation of edge plasmons, a colleague in our research 
group use the finite element method to simulate a THz wave propagating in a PPWG 
(see Fig. 4.6). In this simulation, the plates have a width of 2cm, a length of 8cm, 
and are separated by 5 mm. The excitation is a TM-polarized Gaussian beam with 
a frequency of 0.05 THz and a spot size of 1/e diameter = 1 mm. At the input, the 
Gaussian beam is essentially a plane wave. As it propagates, it acquires wavefront 
curvature and diverges, just like a free-space beam. When this diverging wave reaches 
the sides of the waveguide, plasmons are excited along the metal edges. The insets to 
Fig 4.6 further illustrate this evolution. These numerical results are consistent with 
our experimental observations. 
4.4 Discussions on infinite-width waveguides 
In the previous section, we mentioned that we should be able to observe quasi-TEM 
mode with the properties from both the plasmonic mode and the fundamental TEM 
mode in PPWG in the THz frequency range [85,86]. This quasi-TEM mode should 
be more clear by studying the infinite-width waveguide, where the effect of the edge 
plasmon is excluded when the guided beam size is much smaller than the plate width. 
In figure 4.3(a), we show the profiles of THz field at the output of the 10 cm-wide 
waveguide in the x direction, which are always in Gaussian shape at different plate 
separation, due to the free-space diffraction. Besides this, we also measure the 2-D 
profiles at the output facet of the wide waveguide at plate separation at b — 10 mm 
and 5 mm, shown in figure 4.7. An interesting thing we observe is that the THz beam 
is not uniformly distributed as a fundamental TEM mode in the y direction. 
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Figure 4.6 : Finite element simulation of an electromagnetic wave at 0.05 THz prop-
agating along a PPWG with plate separation 6 = 5 mm, plate width w = 2 cm and 
plate length L = 8 cm. The input spot has 1/e diameter of lcm. The lower plot 
is the Ey field distribution in the x-z plane showing the evolution of the wavefront 
along the waveguide axis. The upper insets are the Ey field distributions in x-y plane 
at z — 0.58 cm, 3 cm and Qcm (left to right), showing the Gaussian beam diffraction 
followed by the excitation of edge plasmons. This simulation is illustrative of the 
interesting effects observed in the experiments. 
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Figure 4.7 : Two-dimensional profiles of the THz electric field measured at the output 
facet of the wide (10 cm-wide) PPWG with plate separation b = 10 mm (a) and 5 mm 
(b). Here, the non-uniform profiles along the y direction are clearly observed, (c) 
Vertical line profiles along the dashed lines in (a) and (b), showing the THz field 
vertical profile. 
Figure 4.8 : A schematic of the electric field for TEM (black), TMi (green), TM2 
(red), and TM4 (blue) modes in PPWG. 
At the relatively large separation b = 10 mm, the y-axis profile shows that the 
THz signals reach local maximums near the metal surfaces, besides a central lobe at 
the center of the plate separation. This THz field is evidently not a pure TEM mode, 
since the TEM mode should exhibit no spatial dependence along the y axis, leading 
to a homogeneous distribution, as well known. This surface enhancement could be 
understood as the multiple modes coupling situation, where there are higher-order 
TM modes coupled into the PPWG, in addition to the fundamental TEM mode, 
i.e. TM0 mode. Several theoretical electric field profiles of TM mode are shown in 
figure 4.8. For example, the TM4 mode has the beam profile with three maximums 
near the plate surface and at the center of the plate separation. So the mode profile 
we detected from the 10 cm-wide waveguide could be regarded as the composition of 
both TM0 and TM4, at least. 
To confirm this assumption, we should have several other evidences besides the 
field profile. First, all higher-order modes exhibit a low-frequency cutoff. However, 
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The cutoff frequency of TM4 with a plate separation of 10 mm is 60 GHz, which is 
at the edge of the THz spectrum. Therefore, the cutoff effect could not be clearly 
observed. Secondly, higher-order modes have large group velocity dispersion near the 
cutoff frequency, which results in pulse distortions in the time domain waveforms [13]. 
Besides, multiple modes propagation would cause interference in the frequency spec-
trum. Figure 4.9 shows the time-domain waveforms measured near the metal surface 
and at the center of the gap. The observed distortions are due to the aperture effect. 
The time domain waveform and the frequency spectrum of the output THz signal 
detected without the 1 mm aperture, shown in upper and lower inset of figure 4.9 
respectively, do not show any obvious distortion. Since the coupling efficiency to any 
higher-order mode is always much smaller than the coupling to the TEM mode for 
this plate-separation-to-beam-size ratio [95], the disturbing of the higher-order modes 
would be very small. Thus, we can not completely confirm the existing of higher-order 
modes. 
To further understand the guided mode, we measure the output THz field in 
the 10 cm-wide PPWGs with shorter lengthes at 10 cm and 2.5 cm. The vertical 
profiles of THz field at three different length are compared in figure 4.10(a). The 
vertical profile from the 2.5 cm-long wide PPWG is compared with the theoretical 
two-interface SPP profile in figure 4.10(b). Based on the theoretical descriptions of 
SPP on single interface in chapter 2, we can obtain the SPP profiles in the dielectric 
medium (air) in the two-interface system as: 
Ey oc exp(-iklyy) ± exp(iklyy) (4.1) 
EAZ oc exp(-iklyy) =F exp(ikivy) (4.2) 
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Figure 4.9 : The time domain waveforms of THz signal detected at the optical axis 
(red line) and near the metal surface (black line) at the output facet of 10 cm-wide 
PPWG with a plate separation of 1 cm. The upper and lower insets are the time 
domain waveform and the frequency spectrum of the output THz signal detected 
without the 1 mm aperture respectively, both of which do not show any obvious 
distortion due to multiple modes coupling propagation. 
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with 
tajtth(Z!^) = _ ( t e ) ± i (4.3) 
where the first set is corresponding to the long-range mode with antisymmetric charge 
distribution, and the second set is the cutoff mode with symmetric charge distribu-
tion. The comparison shows a good agreement between the experimental result and 
the theoretical estimation with a long-range SPP mode. The theoretical estimation is 
calculated using the experimental decay length given by Ref. [32]. This agreement in-
dicates that this field pattern can be described as a hybrid TEM mode combined with 
SPP waves bound to the two metal surfaces. The fundamental TEM mode only ex-
ists in the perfect electric conductor (PEC) system with infinite conductivity. When 
accounting the finite conductivity of the metallic medium into the mode analysis, 
the SPP profiles should be considered. By using the Drude of mode for the permit-
tivity, we calculate that SAI = —3.7 x 104 -M7.1 x 105 at 1 THz, and kspp/ko = 
y/eAiUl + eju) = 1-36598935 + z0.702318122, giving vp/c = 0.999999963401066, 
where, kQ — ui/c. It turns out that the velocity of a SPP wave on aluminum dif-
fers from the velocity of a TEM guided wave between two aluminum plates by only 
a few parts in 108. These two types of electromagnetic waves both travel with zero 
dispersion and with essentially equal phase velocities along the same optical axis. 
At the output of the waveguide, most of the energy couples into free-space THz ra-
diation. Therefore, it would be almost impossible to observe any signature of this 
superposition with a conventional far-field measurement of the output field. This is 
the reason that the previous reports performing the far-fielding measurement did not 
observe such phenomenon. However, because THz SPP is relatively loosely bound 
to the metal surface, compared to SPP in optical frequencies, these THz SPP waves 
can be distinguished by making a spatially-resolved measurement of the field profile 
66 
at the output facet of the waveguide, when the plates are well separated. So what we 
observe could be due to quasi-TEM mode with SPPs coupled at the metal surface. 
However, the developing of the vertical field profile along the waveguide length is not 
expected. More future studies would be necessary to understand this development. 
Fig. 4.7(b) shows the profile from PPWG with a smaller plate separation 6 = 5 mm. 
We observe a roughly uniform spatial distribution of the THz electric field along the 
y direction (perpendicular to the plates), closer to an ideal TEM mode. So when the 
plate separation is small, the TEM mode becomes dominant. The exponential tails 
of the two SPP waves overlap more strongly within the gap area, and the distinction 
becomes much less clear. But when the plates are separated by a larger distance, the 
exponential decay of SPP waves are observed on both metal surfaces. 
This transitional behavior has been reported by Barlow and Cullen [44] in early 
1950s. They have studied the guided modes in PPWG with finite conductivity in 
microwave region. They pointed out that the guided waves are not strictly TEM 
waves. Instead, it is a hybrid TEM wave consisting of a mixture of TEM and surface 
waves. They described the hybrid TEM wave with the following properties: 
1. The hybrid TEM wave appears with an evanescent structure near the metal 
surface, which is a longitudinal component of the electric field in the direction 
of propagation, additional to the transverse component perpendicular to the 
metal surface. This longitudinal component maximizes at the metallic surface 
and falls to zero at midway between the metal plates (with identical surface 
properties). 
2. In the extreme case where the two metal plates are separated from each other 
in a very great distance, the hybrid TEM wave breaks down into two identical 
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Figure 4.10 : (a) One-dimensional y-axis scans for 10 cm-wide PPWGs with three 
different lengthes at 2.5 cm, 10 cm and 25 cm. (b) The theoretical SPP profile is 
compared with the experimental data with waveguide length at 2.5 cm (black line in 
(a)). 
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surface waves with both the transverse component and longitudinal component 
of the electric field. 
3. An ideal TEM guided wave only exists if the waveguide is composed of perfect 
electric conductors, which, in turn, cannot support the surface waves. 
Although the surface wave they discussed is Zenneck surface waves, we can still 
reasonably extend this Zenneck-involved hybrid TEM to SPP-involved hybrid TEM, 
because SPP and Zenneck surface wave have almost the same electric field profiles, 
except for the phase velocity discussed in section 2.2. Therefore, we can understand 
the similarity of the described transition with our observations. In the microwaves 
range, the guided mode is nearly the perfect TEM mode and the surface waves are 
hardly detected. In the optical region, the surface waves are strongly confined at 
the metal surface with nanometer scale. Therefore, THz region is a perfect area 
to observe such proposed transition with weakly bounded waves. This intermediate 
regime could encompasses many practical implementations of PPWGs in the terahertz 
range. Therefore, this result could have important implications for the sensitivity of 
waveguide-based spectroscopy [73-75], for example. Here, I am using figure 4.11 to 
summarize the discussion in this chapter. In microwave and low frequencies region, 
metal can be treated as perfect electronic conductor due to the infinite conductiv-
ity, therefore the fundamental guided mode in PPWG is TEM mode with free-space 
diffraction in the horizontal direction and uniform distribution in the vertical direc-
tion, respect to the metal plates. In infrared and optical region, metal shows strong 
surface plasmonic response, therefore the primary mode is the plasmonic mode with 
most of the energy concentrated near the metal surfaces and the metal edges. The 
center of the air gap carries much less energy. In THz frequency range, which is 
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Figure 4.11 : This picture shows the development of the guided mode in PPWG 
with different frequency ranges. It changes from the fundamental TEM mode in 
microwave region to the quasi-TEM mode in THz region and the plasmonic mode in 
optical region. 
between the previous two regions, the guide mode is quasi-TEM mode, where both 
the center air gap and the near metal surfaces carry the guided energy. The excited 
edge plasmonic modes would couple through the air gap and build up a boundary for 
energy confinement at small plate separation. 
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Chapter 5 
Tapered Slot Waveguides 
Some of the results reported in this chapter have been previously submitted for pub-
lication in reference [70]. 
5.1 Subwavelength confinement 
The ability to guide and manipulate electromagnetic waves on a sub-wavelength scale 
has been a topic of ongoing interest for many decades, especially for applications in 
high-resolution imaging and localized sensing. Recent interest on the fast photon-
ics devices also requires guiding and manipulating EM waves in deep-subwavelength 
scale. Many efforts have been taken to develop techniques overcoming the diffraction 
limit in the free-space radiations, such as the near-field method, which have been 
discussed in chapter 3. Another interesting candidate is the sub-wavelength-sized 
waveguides, which have recently attracted renewed attention thanks to the concepts 
of plasmonics [29,96]. One important class of such guiding structures involves a mech-
anism based on the excitation of surface plasmon polaritons located near a metal 
corner or edge, as aforementioned in chapter 4. The most promising fact is that 
the long-range SPP shows no cut-off limitation in the extremely small scale. Practi-
cally, the input coupling efficiency of the free space wave into the subwavelength-sized 
waveguide is very much limited by the size of input facet. Therefore, waveguides with 
tapered structures have been studied as the interconnects by slowly squeezing the 
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free-space waves along the tapered guiding area to a desired subwavelength scale, 
such as the tapered metallic nanowire [97], sharp metallic grooves [98], tapered gap 
plasmon waveguides [99,100]. 
In the THz spectral range that we are interested here, subwavelength plasmonic 
waveguides have also attracted much attention in both numerical simulations and 
experimental works. For example, based on the metal wire waveguide [18], Astley 
et al. have studied the tapering effect at the tip of the metal wire [101], showing 
a very strong confinement in the axial field component. Klein et al. have reported 
a ~ 20 lira spatial resolution by using a 30 X 40 //m2-rectangular-tip metal-dielectric 
antenna [102]. This antenna has a tapered slot waveguide structure with a high 
index silicon slab between the metal surfaces to provide the lateral confinement as 
a dielectric slab waveguide. Recent theoretical study by Rusina et al. has predicted 
that the ultrasmall size of the THz radiation concentrated by the tapered parallel-
plate waveguides is limited to the skin depth (~ 100 nm) of the metallic material 
[103]. However, they only discussed the one-dimensional confinement possibility by 
the metal boundary, while the plate separation is tapering down and the plate width 
keeps infinite. As aforementioned in chapter 4, Wachter et al. have shown that a 
metal slit waveguide can effectively guide the THz waves with both the vertical and 
lateral confinements as small as 300 jum. Our previous studies on PPWGs in chapter 
4 shows that the finite-width PPWGs have the similar behaviors as the slot plasmonic 
waveguides in the optical range, both of which have efficient 2-D confinement on the 
guided waves. Therefore, we propose that the tapered metal-air-metal slot structure 
(one of the simplest structures) could be used as an efficient interconnect for squeezing 
THz waves into subwavelength scale with a 2-D mode confinement. 
In this chapter, we present the experimental studies of the confinement of the THz 
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Figure 5.1 : (a) A schematic of the field measurements for untapered PPWGs. The 
field is directly detected using a fiber-coupled photoconductive antenna, with an aper-
ture in front of the substrate lens to improve the spatial resolution. The antenna is 
oriented so as to be sensitive to the y component of the field. 
radiation by the tapered slot waveguides, with different taper lengths, tip sizes and 
plate separations (i.e. slot width). We observe at the end of the waveguides that the 
radiation spot of the transverse THz field component shrinks with smaller tips, when 
the plate separation is kept in the same scale range. We also employ a scattering-
probe imaging technique [57,101] to study the longitudinal electric field component, 
parallel to the propagation direction. The longitudinal electric field component ex-
hibits great confinements in both the lateral direction and the propagation direction. 
We also observe an antisymmetric longitudinal field distribution, corresponding to the 
antisymmetric mode of SPP in this structure (as defined in chapter 4). By comparing 
with the untapered waveguides, the tapered slot waveguide shows good broadband 
guiding, with no spectrum restriction and distortion. 
5.2 Transverse component confinement 
Table 5.1 shows the geometry parameters of the tapered slot waveguides that we 
have studied in the following. The metal plates were fabricated using highly polished 
aluminum. Each metal plate has an input width of Win = 1 cm and tapers uniformly 
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Table 5.1 : Parameters of tapered slot waveguides 
Waveguide 
SI 
S2 
S3 
S4 
LI 
L2 
L3 
L4 
Ml 
M2 
M3 
M4 
Win 
1 cm 
1 cm 
1 cm 
1 cm 
1 cm 
1 cm 
1 cm 
1 cm 
1 cm 
1 cm 
1 cm 
1 cm 
W0ut 
5 mm 
2 m?7i 
1 mm 
0.2 mm 
5 mm 
2 mm 
1 mm 
0.2 mm 
120/^m 
100 /xm 
40 /xm 
10 fim 
Untapered 
length 
5 cm 
5 cm 
5 cm 
5 cm 
5 cm 
5 cm 
5 cm 
5 cm 
5 cm 
5 cm 
5 cm 
5 cm 
Tapered 
length 
5 cm 
5 cm 
5 cm 
5 cm 
20 cm 
20 cm 
20 cm 
20 cm 
20 cm 
20 cm 
20 cr?7, 
20 cm 
Total 
length 
10 cm 
10 cm 
1 0 C77T, 
10 cm 
25 cm 
25 cm 
25 cm 
25 cm 
25 cm 
25 cm 
25 cm 
2 5 C7TI 
down to an output width of wout. The length of the untapered part is 5 cm and the 
length of the tapered part is 5 cm or 20 cm. A pair of identical metal plates is mounted 
as a parallel-plate waveguide with the 1 cm-wide facet as the input and the narrow 
tip as the output, while the plate separation is adjustable, as shown in Fig. 5.1(a). 
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Figure 5.2 : (a) One-dimensional x-axis scans of Ey from the 10 cm-long tapered slot 
waveguides (S1-S4) with b= 1 mm. (b) The dependence of FWHM on the tip size at 
different plate separations 6 = 5 mm, 2 mm, 1 mm and 0.2 mm. 
Because the vertical confinement by the metal plate boundary is easy to perform and 
understand, we here keep the plates parallel (b = bin = b^t) to focus our studies on 
the lateral confinement effect from the tapered plate width, unless we specify. 
Here, we use the same experimental setup in chapter 4 to detect the transverse 
component of THz electric field, Ey. We firstly map Ey along the x-axis at the end of 
10 cm-long waveguides (S1-S4) with different tip sizes at plate separation b = lmm, 
shown in Fig. 5.2(a). The size of output THz radiation is getting smaller in the x 
direction when the tip is narrower. Changing the plate separation to b = 2 mm, 5 mm 
and 10 mm, we repeat the measurements and get the FWHM (full-width-half-max) of 
the output radiation plotted as a function of the tip size, shown in Fig. 5.2(b). Clearly, 
when the plate separation is large, the output spot size does not change with the tip 
size, because the mutual coupling between the edge plasmons near the edge of the 
metal plates are not strong enough to confine the THz field across the air gap. When 
the plate separation is reduced to the scale around or below the average wavelength, 
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Figure 5.3 : (a) One-dimensional x-axis scans of Ey from the 25 cm-long tapered slot 
waveguides (L1-L4) with 6 = 1 mm. (b) The dependence of FWHM on the tip size 
at different plate separations b — 5mm,2mm, lmm and 0.2mm. 
the mutual coupling of edge plasmons starts to take effect and the radiation spot 
changes roughly linearly with the tip size. So it suggests that small plate separation 
ensures better lateral confinement. However, for b = 2 mm, we note that the FWHM 
of the THz beam from the waveguide S4 with tip size u w = 0.2 mm is even bigger 
than S2 with w^t = 1 rum and S3 with w^t = 2 mm. The reason is that when the tip 
size (w^ = 0.2 mm) is much smaller than plate separation (b = 2 mm), the mutual 
coupling of the edge plasmons along the plate surfaces is stronger than the coupling 
across the air gap, resulting in less efficient lateral confinement. 
Again, we perform the same measurements on the 25 cm-long waveguides (Ll-
L4) and the results are plotted in Fig. 5.3. Comparing with the results from the 
short waveguides, we note that the FWHMs from the long waveguides are always 
smaller than those from the short waveguides. For the waveguides L3 and L4 with 
w
cmt = lmm and 0.2mm, with b = lmm, the amplitudes of the THz field at the 
center of the long waveguides (x = 0 mm) are even bigger than those of the short 
76 
waveguides. It indicates that waveguides with longer taper length (smaller taper 
angle) provides longer propagating time for the edges plasmons to be excited and 
coupled, and results in better lateral confinement. Therefore, the better confining 
efficiency overcomes the higher propagating loss in long waveguides, compared to the 
short one. Another interesting fact is that when the plate separation is small, the 
local edge enhancements corresponding to the edge plasmons are only observed in the 
waveguide SI, shown as the black line in Fig. 5.2(a). For other cases, the amplitude 
profiles of THz electric fields show a single maximum at the center. The possible 
explanation is that when the plates are narrow enough and close enough, the mutual 
coupling of the edge plasmons inside such small guiding area are so strong that the 
local edge enhancements near the corners are overlapped to form a single maximum 
at the center of the plate. 
Based on the these results, we understand that in order to efficiently focus the 
THz radiation along a tapered slot waveguide to a subwavelength spot, the plate 
width should be tapered down slowly, while the plate separation should taper from a 
scale around the average wavelength to the scale as small as the tip size. Then the 
delivered THz radiation at the end of a tapered slot waveguide can be squeezed down 
to the area which is mainly determined by the output facet size of the waveguide (as 
long as the size is bigger than the skin depth [103]). 
We can now explore the possibility of subwavelength-scale confinement in both 
spatial dimensions using a tapered slot waveguide. Here, we use waveguide Ml with 
the parameters shown in table 5.1, where the plate width uniformly tapers from an 
initial width of Win ~ 1 cm down to a final width of wout ~ 120 fim (9iapei ~ 3 °). The 
plate separation also decreases uniformly from 6in = 1 mm down to 6ou4 = 100 fj,m. 
To characterize the field distribution at the tip, we replace the 1 mm aperture with 
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Figure 5.4 : (a) The time domain waveforms measured at the output of the 120 /xm-
wide waveguide using a 200 fim aperture on THz receiver, (b) The amplitude spec-
trum shows a broad bandwidth, which is transformed from the first cycle signal 
indicated by the red square in (a). 
a 200 \ira aperture, which still permits measurement of a THz pulse with reasonable 
signal-to-noise, as seen in figure 5.4. This aperture is held about 200 fim away from 
the face of the waveguide, so the distribution is broadened due to both free-space 
diffraction and convolution with the detection aperture. Even so, the measured THz 
intensity distribution (uncorrected for either of these effects) has a width of 350 [im 
(see Fig. 5.5 (a)). This corresponds to approximately A/4, using the average free-space 
wavelength of the radiation reaching the detector. 
Besides, we also notice the strong diffraction of the output THz radiations along 
the y direction in Fig. 5.5(b). Figure 5.5(c) shows the arriving times of the major 
peaks of THz electric field at different y position in a range much bigger than the 
slot gap. The diffraction in the y direction is much stronger than in the x direction, 
which indicates the diffraction not only resulted from the small aperture effect. More 
importantly, it is due to the SPP waves propagating along the metal surfaces outside 
the waveguide. 
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Figure 5.5 : (a) Intensity distribution along the horizontal (y = 0 mm) axis, localized 
to roughly A/4 in dimension, (b) The measured field profile (peak-to-peak amplitude), 
(c) The time delay of Ey along the y axis at x = 0 mm, measured from the output 
facet of the slot waveguide with w^t 120 \im. 
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Figure 5.6 : (a) A schematic of the measurement scheme for tapered PPWGs. In this 
case, an aperture-based method provides inadequate spatial resolution, so a scattering 
probe technique is employed. Here, the measurement is sensitive to the z component 
of the field. The field can be characterized by scanning the position of the probe. 
The parameters describing the size of the output aperture, w^ti the plate width, 
and bout, the plate separation, are shown, (b) A close-up photograph of the setup 
illustrated in (a). 
5.3 Longitudinal component confinement 
So far, we have only studied the transverse component (Ey) of the THz electric field 
guiding in the waveguides. SPP propagating along the metal/dielectric interface has 
a z component, which also decays exponentially away from the metal surface and is 
much smaller than the y component, determined by \EZ/Ey\ = \j€.aiTjemtta},- We are 
not able to measure Ez using the normal detection method in Fig. 5.1. On the other 
hand, a mm-scale spatial resolution is inadequate to study the field distribution at the 
end of the tapered slot waveguides with micro-scale tips. Instead of direct detection 
through an aperture, we employ a scattering-probe imaging technique [57,101], to 
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characterize Ez in the vicinity of the end of the tapered slot waveguides, which is 
similar to the ANSOM technique that we used in chapter 3. A tapered metal probe 
with a point diameter of either 2/im, 10 jim or 20 jim (depending on wout) is held 
at the end of the waveguide, parallel to the z axis. This probe scatters the THz 
field emerging from the waveguide, where it is measured via lock-in detection (see 
Figs. 5.6(a) and (b)). This technique provides subwavelength spatial resolution of 
the z component of the field at the probe's apex, as well as a high signal-to-noise 
ratio [101]. We have improved the probe vibrator by upgrading the open-loop piezo 
to a close-loop piezo which has a feedback loop to monitor and correct the piezo 
position, i.e. the probe tip position. Therefore, the signal stability is improved. 
We use a 25 cm-long tapered slot waveguide M2 with the tip further polished 
down to wout = 100 /im. The plate separation is adjusted to taper from 6,n — 1 mm 
to bout = 110 fim. By scanning the probe needle in the x direction, with ~ 10 \xm away 
from the waveguide tip, we measure the field distribution along the x direction, shown 
in Fig. 5.7(a). The FWHM of the field is approximately 108 fim, which is roughly 
equal to the size of the tip. It corresponds to the approximately A/24, with the average 
free space wavelength A ~ 2.6 mm. Figure 5.7(b) is the amplitude profiles for a scan 
along the z direction, again showing a strong field confinement. This is in contrast to 
the y component of the electric field, which couples to the free space radiation at the 
output facet of the waveguides. The decay of the signal with increasing z follows a 
power law, as expected. The 2-D map in xz plane near the top plate in figure 5.7(c) 
shows a highly confined 2-D radiation spot. 
Other interesting results are noted when scanning the probe needle along the y 
direction, across the guiding air gap. We observe the opposite polarities of Ez near 
the two metal plates, shown in figure 5.8(a). Along the y direction, the magnitude 
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Figure 5.7 : (a) One-dimensional x-axis scans, (b) one-dimensional z-axis scans and 
(c) two-dimensional map in xz plane of Ez at the end of a 25 cm-long tapered slot 
waveguide with w^ 100 /im and b^t HOfim. 
of Ez decreases from the metal plate surface towards the center of the gap. Then 
the polarity flips and the magnitude increases towards the other plate surface. A 
2-D map on the xy plane is plotted in figure 5.8(b), showing the antisymmetric field 
distribution. This fact shows an excellent agreement with the previous numerical 
simulations [84,87,94,98,103,104], which predict that SPP with the antisymmetric 
charge distributions is a long-range plasmonic mode with even Hx and Ey field com-
ponent and odd Ez component. This long-range mode has no cutoff in the gap size 
and can propagate in extremely small guiding area. But SPP with the symmetric 
charge distribution becomes a transient wave below a cutoff plate separation. Our 
82 
c 
200 
-75 -50 -25 0 25 50 75 
y(\im) 
12 
-B 9 
. 1 6 
1-
3 
(c) 
• 
• 
• 
• 
• • 
- •* 
• 
• 
500-
250-
to -
>» 
-250-
-500-
(d) 
f 
' 
H0.5 
-0.5 
-2 0 
y (mm) 0 50 100 150 z(Kim) 
Figure 5.8 : (a) The amplitude dependence of Ez along the y axis at x = 0 m77i inside 
the gap. (b) The two-dimensional map in xy plane, (c) The time delay of Ez along 
the y axis at x = 0 mm. (d) The two-dimensional map in yz plane. 
results have experimentally demonstrated this theoretical prediction. Just recently 
similar experimental observation of the antisymmetric mode has been reported in the 
slot plasmonic waveguides in optical frequency range [105]. 
In contrast to the xz plane, the 2-D map in the yz plane at x = 0 mm in Fig. 5.8(d) 
shows a strong diffraction pattern in the y direction. The arriving times of the major 
peaks are plotted along the y axis in the Fig. 5.8(c). Because each scan in the 2-D 
map is a time-domain waveform, we can plot the 2-D THz fields involving with time 
in an movie. In the movie, we can clearly see the THz spot at the output facet 
of the waveguide spreading out along both the positive and negative y axis, which 
indicate the SPPs waves traveling along the metal surfaces, similar as the diffraction 
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pattern in the y direction noted in the Ey component in section 5.2. This highly 
diffracted beam has also been studied a lot in the terahertz quantum-cascade lasers 
using metal-metal waveguide [106,107]. It has been suggested that when using the 
tapered slot waveguides as a probe tip, the distance from the output facet to the 
sample will be critical for the spatial resolution [102]. A hyper-hemispherical lens or 
a piano-cylindrical lens will improve the collection of the output radiation [16,71,107]. 
By controlling both w^t and b^t, we can effectively confine this broadband 
THz output field to an area far below A2. Figure 5.9 shows line scans along the 
-200 -100 0 100 200 
x (urn) 
Figure 5.9 : Line scans at the output of tapered waveguides. These line scans (along 
the x axis, which is the unconfined direction) show the degree of localization of the 
THz field at the output facet of three different waveguides, with decreasing values of 
Wgut and b^t. In each case, the smallest achievable field confinement is approximately 
equal to u w , the size of the output width. The smallest width (black data points) 
gives the best confinement, with a FWHM of only 10 ^m. Using the peak spectral 
component (0.115 THz) of the broadband terahertz pulse, this corresponds to A/260, 
with a mode area of 2.6 x 10~5A2. 
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Figure 5.10 : (a)The shows the comparison of the time domain waveforms with the 
1 cm-wide PPWG and the 1 mm-tip slot waveguide with the plate separation at 
b = lmm, and a 1 mm aperture on the THz receiver, (b) shows the normalized 
amplitude spectra from the signals in the dashed box in (a). 
x axis, for three different waveguides (M2, M3 and M4) with decreasing values of 
Wout — 100 fim, 40 fim, and 10 \im and b^t = 110 ^ m, 50 fim, and 18 fim. In each 
case, the FWHM is roughly equal in size to w^t- This is a dramatic demonstra-
tion of the importance of plasmonic effects at THz frequencies: even though there is 
no material boundary along the x direction, the field is still squeezed along x to a 
subwavelength size. For the narrowest ww (black dots), the x-confinement is about 
A/260, corresponding to a mode area of only 2.6 x 10 - 5 of A2. To the best of our 
knowledge, this is the smallest fractional mode area ever experimentally demonstrated 
using a wave-guiding technique at any wavelength. 
5.4 Comparison with untapered waveguides 
We first compare the transverse component of the THz electric field (Ey) in the 
tapered slot waveguides with the untapered slot waveguide, i.e. the finite-width 
PPWG we have studied in chapter 4. Figure 5.10(a) shows the comparison of the 
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time domain waveforms with the 1 cm-wide PPWG and the 1 mm-tip tapered slot 
waveguide (L3) with the plate separation at b = 1 mm and a 1 mm aperture on the 
THz receiver. Figure 5.10(b) are the normalized amplitude spectra from the major 
signals in the dashed green box in (a). They shows that the tapered slot waveguide 
does not cause any bandwidth reduction of the squeezed THz fields. Instead, THz 
radiations are highly concentrated, resulting in higher signal amplitude. 
To compare the longitudinal field component Ez, we map the field at the output 
facet of an untapered 1 cm-wide PPWG by scanning the location of the scattering 
probe. Figure 5.11(a) shows the field profile starting from the center of the waveguide 
at x — 0 mm to 2.5 mm way from the plate. We see a sharp jump of the THz signal 
amplitudes around the edge of the metal plate. More importantly, we again observe 
the edge field enhancement around the corner of the metal plate, which confirms the 
edge effect that we observe in Ey. Figure 5.11(b) shows the time domain waveforms 
measured at the lower and upper metal plates. The polarity flip is also observed. 
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Figure 5.12 : (a) Waveforms measured at the output facet of a tapered ( u w = 10 /im, 
o^«t = 18 A"7i) and untapered waveguide. These are measured using identical methods 
so that the waveforms can be compared, (b) The normalized amplitude spectra are 
compared, showing no bandwidth restrictions even though w^t is much smaller than 
the free-space wavelength in the tapered case. 
Fig. 5.12(a) shows comparison in the time-domain waveforms at the output of an 
untapered PPWG (red curve), along with an equivalent measurement on a tapered 
slot waveguide with w^t = 10/zm and b^t = 18/im (black and blue curves). All of 
these waveforms have similar temporal structure, indicating that the taper does not 
significantly distort the time-domain signals. The similarity of the red (untapered 
case; w^t = 1 c r^) and black (tapered case) curves indicates that the waveguide 
taper has little effect on the shape of the time-domain signal. This polarity flip is 
also evident in comparisons of the time-domain waveforms measured at the upper 
and lower plate surfaces (blue and black curves), establishes that we are observing 
the symmetric plasmon mode described in previous studies. Fig. 5.12(b) compares the 
amplitude spectra for the tapered and untapered cases. These are nearly identical, 
which demonstrates that the extreme subwavelength tapering does not impose any 
bandwidth restriction. 
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Chapter 6 
Conclusions and Future work 
6.1 Summary of work 
We have studied several interesting THz techniques in previous chapters. We demon-
strate that THz ANSOM can be used to study the metal-insulator transition in a 
prototype metal oxide, VO2. We also explore the possibility of mode confinement 
of finite-width parallel-plate waveguides for THz radiations. Based on this confine-
ment properties, we further demonstrate the deep subwavelength concentration of 
THz radiations below 20 /im in a tapered slot waveguide. 
In chapter 3, our work represents the first near-field study of a phase transition 
using terahertz radiation. THz ANSOM shows a high sensitivity to the conductive 
surface, with the advantages at high signal-noise ratio and great spatial resolution. 
We observe the THz signal response to the MI transition, indicated by the dramatic 
current increase across the VO2 thin film. These results provide evidence for the 
existence of an intermediate correlated metallic phase [62,68]. They also suggest that 
spatial inhomogeneities in the film conductivity exist on a micron length scale even 
when the external voltage is below the transition voltage. 
In chapter 4, we are focusing on the mode confinement by the PPWGs. By 
mapping the THz electric field directly at the output facet, we have measured the 
mode profile of parallel-plate waveguides in the terahertz range. We observe the 
unusual field enhancement around the corners of the metal plate at the finite-width 
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PPWGs, as an evidence of the edge plasmon, which has been reported in the plasmon 
slot waveguides in the optical frequency range. We show that it is possible to achieve 
confinement even parallel to the plates, defying conventional wisdom in microwave 
waveguide technology. Our data provide experimental support for the improvement of 
mode confinement with decreasing slot gap width. We propose that this confinement 
is mediated by the coupling of plasmonic edge modes across the air gap, in analogy to 
the confinement mechanism for slot waveguides at optical frequencies. In the studies 
of infinite-width PPWGs (the plate width » the beam size), we observe the Gaussian-
shaped THz radiation at different plate separation, due to the free-space diffraction. 
While the edge plasmon effect is excluded , we notice the field enhancement near the 
metal plates, which indicates the excitation of THz SPPs along the metal surfaces by 
the end-fire coupling. Our calculation also shows that the phase velocity of TEM and 
SPPs at THz ranges is too small to be distinguished. Therefore, SPPs can be easily 
excited on metal surfaces in THz regime. 
Based on the understanding of the mode confinement, we continue working on 
squeezing THz radiations along the tapered slot waveguides. These studies empha-
size the importance of controlling both the plate separation and the plate width in 
achieving subwavelength confinement. However, the direct detection of the transverse 
component of THz electric field is limited in the spatial resolution by the aperture 
on the receiver. In order to overcome this difficulty, we use the scattering-probe 
imaging technique to detect the longitudinal field component, which improves the 
spatial resolution in the same way as the ANSOM technique in studying VO2 thin 
films. Therefore, we are able to observe extreme subwavelength 2-D confinement of 
THz waves in tapered slot waveguides. We also observe the antisymmetric distribu-
tion in the longitudinal field across the air, which has been demonstrated as the long 
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range mode with no cutoff in extremely small guiding area. This result illustrates the 
significance of plasmon-based field confinement in metallic slot waveguides. 
6.2 Future research directions 
Our works so far, have been focused on understanding the behaviors of SPPs in THz 
spectra range and improving the techniques that are used for the studies. There are 
basically two directions in the future research. 
The first one is to continue the studies on VO2 thin films. In order to obtain a 
complete description of the phase transition in VO2, both an understanding of the 
monoclinic phase and some version of a composite medium model in which percolation 
conduction plays a role are required. Future measurements in which the THz field 
is spectrally resolved should permit us to distinguish between ohmic and non-ohmic 
behavior, as well as to image the formation of inhomogeneities in the conductivity 
of the thin film. Using the newly improved close-loop piezo-vibrator would enhance 
the signal stability and accuracy. The close-loop piezo-vibrator has a feed-back loop 
to monitor and correct the piezo position, i.e. the probe tip position. Therefore, for 
example, a change of the tip-surface distance caused by the current-induced attraction 
would be corrected by piezo-vibrating controller. In addition, a sensor for monitoring 
the tip-surface distance would also greatly improve the stability of our experiment, 
especially for the future image in the whole area of the film. 
Another future interest lies in further studies on characterizing the tapered slot 
waveguides. The propagating loss measurement would provide further understanding 
on the leaking energy losses and the edge plasmon coupling. Both the numerical sim-
ulation and experimental measurement on the diffraction patterns at the output of 
the waveguides would be important for controlling the imaging object and designing 
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the focusing component for imaging techniques. Besides, to find a detecting method 
for detecting both the transverse and the longitudinal THz field component is neces-
sary for comparison. The capability for comparing the field strength, the bandwidth 
limitation and the decaying and propagating constants in these two field component 
would be very helpful to understand the behaviors of THz SPPs and to compare with 
the theories. The applications of tapered slot waveguides on THz imaging will greatly 
benefit from the extreme subwavelength spot. 
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